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SUMMARY.
1. The e lec trica l ch arac te ris tics  o f the  cell body o f an id e n tifie d  i  
e x c ita to ry  m otoneurone (c e ll 3) fro m  th e  c o c k ro a c h  ( P e r ip la n e ta  
americana) have been studied  u n d er c u r re n t -  and voltage-c lam p.
2. U n d er vo ltage-c lam p depo laris in g  command pulses evoked an  
outw ard  c u rre n t w hich increased w ith  the m agnitude of the  command 
step up to approxim ately +100mV, a component of the c u rre n t developed  
more slowly and took longer to reach a maximum. With increasing  
depolarisation the outw ard  c u rre n t response fe ll to a lower lev e l 
before fu r th e r  increasing . This c u rre n t response gave rise  to a 
c h a ra c te r is t ic  N -s h a p e  I - V  r e la t io n s h ip .  T h e  p o s it io n  o f th e  
negative  conductance reg ion  depends on the time c u rre n t measurements 
are  taken  a fte r  the  onset o f the  command pulse.
3. E x te rn a lly  a p p lie d  cadm ium  ( Im M ) o r  m a n g an e s e  io n s  (5raM ) 
abolished the slowly developing c u rre n t responsib le fo r the hump in  
the I - V  re la tio n sh ip . These re su lts  ind icate  th a t calcium ions are  
req u ire d  fo r  the ac tiva tio n  o f th is  component o f the  outw ard  c u rre n t.
Verapam il (50uM) also reduced th is  c u rre n t component and appeared to  
be no n -sp ec ific  in  red u c in g  another c u rre n t component. F u rth erm o re , 
verapam il caused in activa tio n  of the  rem aining c u rre n t which was more 
m arked fo r  long d u ra tio n  (500ms) command pulses.
4. E x te rn a lly  applied TEA* (a t concentrations g re a te r  th an  25mM) 
blocked the calc ium -dependent c u rre n t and a calc ium -independent 
component. U n d er c u rren t-c la m p  TEA+ (50mM) unmasked a broad action  
p o te n t ia l.
5. E x te rn a lly  applied  am inopyrid ines did not enhance e xc ita b ility  
u n d e r  c u rre n t-c la m p . U n d e r  v o lta g e -c la m p  a m in o p y r id in e s  had  
s ig n ific a n t e ffe c t in  s h iftin g  the  vo ltage dependence of the hump in  
the I - V  re la tionsh ip  tow ard  more negative  potentia ls.
6. When holding a t -90m V and stepp ing  to more positive  potentia ls  
th e re  was no in d ic a tio n  o f an  e a r ly ,  f a s t ,  t r a n s ie n t  c o m p o n e n t  
sim ilar to I a . I f  p resen t a t a ll, I a made only a m inor co n trib u tio n  
to the to ta l outw ard c u rre n ts .
7. A double command pulse regim e was used to s tu d y  ta il c u rre n ts  
w h ereb y  a s tandard  p re -p u ls e  (pulse ( I ) )  was im m ediately followed by  
a te s t pu lse  (p u lse  ( I I ) )  to v a r io u s  com m and p o te n t ia ls .  T a i l  
c u rre n t measurements w ere taken  d u rin g  pulse ( I I ) .  The ta il c u rre n ts  
showed s trong  outw ard  re c tif ic a tio n  and w ere severe ly  reduced in  
saline contain ing cadmium ions (Im M ).
8. The ta il-c u rre n t  re v e rs a l p o ten tia l was dependent on the pulse  
( I )  m ag n itu d e  and d u ra tio n . P r e l im in a r y  r e s u lts  in d ic a te d  t h a t  
in c re a s in g  th e  p u lse  ( I )  m a g n itu d e  c au s e d  a n e g a t iv e  s h i f t  in  
re v e rs a l potentia l. In c reas in g  the pulse ( I)  d u ra tio n  from  10ms to 
50ms caused a positive  s h ift  in  the  re v e rs a l p o ten tia l eq u iva len t to 
a tw o -fo ld  increase in  e x trac e llu la r cation concentration .
9. A f iv e -fo ld  increase (from  3.1 to  15mM) in  ex tern a l potassium  
ion concentration  produced a small and variab le  s h ift in  re v e rs a l 
p o ten tia l, which did not conform  to th a t p red ic ted  by  the  N ern st 
e q u a tio n . A f iv e - fo ld  d ecre a se  (fro m  235 to  47m M ) in  e x te r n a l  
c h lo r id e  ion  c o n c e n tra tio n  had l i t t l e  e f fe c t  on th e  t a i l  c u r r e n t  
re v e rs a l poten tia l b u t d id cause a s lig h t reductio n  in  the  outw ard
c u rre n ts . F u rth erm o re , the vo ltage dependency of the hump in  the I -V  
re la tio n sh ip  was sh ifted  tow ard more negative  potentia ls .
10. A c tio n  p o te n tia ls  in d u c e d  b y  in t r a c e l lu la r  c i t r a t e  in je c t io n  
w ere only s lig h tly  enhanced b y  a fo u r-fo ld  increase (from  9 to 36mM) 
in  ex tern a l calcium ion concentration . They w ere re v e rs ib ly  reduced  
to a g ra d ed  sp ike  in  sa lin e  c o n ta in in g  v e ra p a m il  (lO p M ) a n d  
re v e rs ib ly  abolished by  manganese ions (40mM), b u t w ere re la tiv e ly  
u naffec ted  by  sod ium -free  saline. These observations suggest th a t  
calcium ions were the  m ajor ion c a rry in g  the in w ard  c u rre n t u n d er  
these conditions.
11. Carbon d iox ide-induced  action potentia ls  w ere re v e rs ib ly  reduced  
to a graded spike in  sod ium -free  or manganese saline (40mM) whereas  
tetrodotoxin  (50nM) ir re v e rs ib ly  abolished action potentia ls  fo r wash 
period  up to 20mins. These observations suggest th a t both calcium  
and sodium ions w ere responsib le fo r  the inw ard  c u rre n t u n d er these  
conditions.
12. The re g e n e ra t iv e  com ponent o f th e  a x o to m y - in d u c e d  a c t io n -  
potentia ls  was re v e rs ib ly  reduced in  sod ium -free  saline and on ly  
p a rtia lly  reduced w ith  some broaden ing  in  ca lc iu m -free  or manganese 
saline (40mM). E ith e r trea tm en t alone was in s u ffic ie n t to com pletely  
a b o lish  o r re d u ce  th e  a c tio n  p o te n t ia l  to  a g ra d e d  s p ik e . A 
combination of N a -fre e  saline w ith  manganese ions (40mM) caused a 
more complete block b y  red u c in g  the re g en e ra tive  component to a 
graded  spike. These re su lts  suggest th a t sodium ions, and to a 
lesser extent, calcium ions w ere responsib le fo r  the  inw ard  c u rre n t  
u n d er these conditions.
1. INTRODUCTION.
1.1 HISTORICAL BACKGROUND
1.11 In tro d u c tio n .
At the  beginning of the  20th c e n tu ry  a num ber of therm odynam ic and  
electrostatic  laws w ere proposed in  o rd er to describe the p roperties  
of e lectro ly tes  in  solution. These laws w ere w holely  theoretica l and  
could be eq u ally  applied  to biological and non biological systems, 
th o u g h  th e y  w ere  o f p a r t ic u la r  re le v a n c e  to  th e  p r o p e r t ie s  o f  
e x c i ta b le  c e l ls .  A t  t h a t  t im e  t h e y  w e re  n o t  s u p p o r te d  b y  
experim ental biological data. They  s till form  the  basis, however, o f 
p resen t day u n d ers tan d in g  of impulse generation.
1.12 P erm eab ility  and Conductance changes.
Physiochemical studies by N ernst revealed  la rg e  e lec trica l potentials  
a ris in g  from the d iffu s io n  of e lec tro ly tes  down th e ir  electrochem ical 
grad ien ts  across a sem i-perm eable membrane. When the  net movement of 
electro ly tes  stops the  system has an equ ilib rium  potentia l. At the  
tu rn  of the c e n tu ry  Julius B ernste in  (1902) form ulated the "membrane 
hypothesis" w hereby  excitable cells possess a selective ly  permeable  
o u ter membrane w hich has a positive  charge on the  outside and a 
negative  charge on the  ins ide . A t re s t th is  membrane was considered |is e le c tiv e ly  p erm eab le  to  p o ta s s iu m . D u r in g  e x c ita t io n  B e rn s te in 1proposed th a t th is  s e le c tiv ity  is lost, enabling  o th e r ions to cross |Îthe membrane th e re b y  red u c in g  the in te rn a l n e g a tiv ity  and causing the  |
'Imembrane p o ten tia l to s h ift tow ard  zero. This was known as "membrane ^
breakdow n". 13Cole and  C u r t is  (1938; 1939) b e g a n  in v e s t ig a t in g  m em b ran e  1jp ro p e rtie s  o f th e  a lg a  N iteJla  a n d  th e  s q u id  axo n  u s in g  a h ig h  !
freq u en cy  Wheatstone b rid g e  c irc u it. Cells w ere placed between two NI
e x tra c e llu la r  e le c tro d e s  and  t h e i r  im p e d a n c e s  m e a s u re d  d u r in g  i
a c t iv i ty .  T h e y  d is c o v e re d  th a t  each  a c t io n  p o te n t ia l  fro m  th e s e  
v a s t ly  d if fe r e n t  ce lls  was acco m p an ied  b y  a d ra m a t ic  im p ed an c e  
decrease . In  th e  sq u id  axon th is  w as la r g e ly  d u e  to  a 4 0 - fo ld  
in c re a se  in  m em brane c o n d u c ta n c e  w ith  v e r y  l i t t l e  c h a n g e  in  
cap ac itan ce . B e rn s te in *s  p ro p o s a l o f a m e m b ran e  p e r m e a b il ity  
increase was essentia lly  supported  b y  Cole and C u rtis .
A lthough B ern s te in ’s membrane hypothesis and application of 
N ern s t’s trea tm ent of electrochem ical g ra d ien t a re  based on the view  
th a t th e  re s t in g  m em brane is  r e la t iv e ly  im p e rm e a b le  to  a l l  io n s  
except potassium, th is  is an overs im plification . Sodium ions do leak  
in to  the cell, a lb e it re la tiv e ly  slowly. Sodium in flu x  w ill s lig h tly  
depolarise the membrane w hich in  tu rn  w ill place ch lo ride  ions out o f 
equilib rium  and th e y  w ill cross the membrane. The s ituation was 
considered by  Goldman in  1943, and he d erived  an equation to re la te  
membrane p o ten tia l to ionic concentration  ratios and th e ir  re la tiv e  
p erm eab ility  coefficients .
Vm= 58 log Ko + ( P no/ P k ) Nao + ( P ci/ P k ) Cli
Ki +  ( P no/ P k ) Nai + ( P c i/ P k ) C lo Eq. 1.12 1
Where Pwa, P k and Pci a re  defined  as:
Pion = uBRT Eq. 1.12 2
aP
Where u is the m obility  of an ion in  the  membrane, B is the  p a rtitio n
coeffic ien t between membrane and aqueous solution, a is the th ickness
of the membrane, R is the gas constant, T is the absolute tem peratu re
and F th e  F a ra d a y  c o n s ta n t. In  th e  s q u id  axo n  th e  r e la t iv e
perm eabilities are:
K : Na : Cl
1.0 0.03 0.1
The equation is d e riv e d  assuming th a t the in d iv id u a l c u rre n ts  are  
independent of one an o th er, and th a t the ions tra v e rs e  the membrane 
by simple d iffu s io n  down a p o ten tia l g rad ien t. Th is  is also known as
" th e  c o n s ta n t f ie ld  th e o ry "  b e ca u s e  i t  is  a ls o  assu m ed  t h a t  th e  
e le c tr ic a l p o te n tia l g ra d ie n t  is  u n ifo rm  a c ro s s  th e  m e m b ran e . 
P erm eability  is a measure o f leakiness o f the  cell membrane to a 
p a rtic u la r ion and is in d ep en d en t o f ionic concentration . Despite  
the re s tin g  perm eab ility  o f the membrane, the in te rn a l concentration  
of ions rem ain s  f a i r ly  c o n s ta n t. T h is  is  a c h ie v e d  b y  an  a c t iv e  
tra n s p o rt process re q u ir in g  metabolic en erg y  to exchange extern a l 
potassium fo r  in te rn a l sodium ions. This ionic pum ping is achieved  
th ro u g h  the  membrane N a-K  ATPase or sodium pump (fo r a review  see 
Dahl and Hokin, 1974)
Io n ic  c u r re n ts  a re  re la te d  to m em b ran e  p o te n t ia l  b y  t h e i r  
conductances. Conductance, term ed g (rec ip roca l of res is tan ce ), is a 
measure o f the ease w ith  which charge w ill flow  and is thus an  
ind ication  of membrane p erm eab ility .
Consider Ohms* Law: I= V  Eq. 1.12 3
R
Where I  is the c u rre n t (am ps), V is the voltage drop  (vo lts ) and R is 
the resistance (Ohms).
S u b s titu tin g  g:
I  = g V  Eq. 1.12 4
l io n  — g io n  ( V m —E io n )  Eq. 1.12 5
Where ( V m - E i o n )  is the d iffe re n ce  between the membrane p o ten tia l ( V m )  
and the eq u ilib riu m  p o ten tia l fo r  a g iven  ion ( E io n )  which equals the  
d riv in g  fo rce  on th a t ion. When V m  = E io n ,  the d r iv in g  fo rce  is zero  
and the n e t c u rre n t flow  is zero  reg ard less  of membrane perm eab ility  
or co n d u c tan ce . The c o n d u c ta n c e , h o w e v e r , is  r e la te d  to  th e  
p erm eab ility  and is also know n as "the constant o f p ro p o rtio n a lity "  
re la tin g  c u rre n t to  the  membrane potentia l. Th is  is also known as 
the chord conductance.
1.13 Recording th e  action  potentia l.
A b reak th ro u g h  in  the u n d ers tan d in g  of impulse generation came when, 
fo r  the  f ir s t  time, H odgkin and Huxley (1939; 1945) and C u rtis  and  
Cole (1940; 1942) m easured action potentia ls  in  squid axons using  
in t r a c e llu la r  e le c tro d e s . A t th e  p e a k  o f th e  a c t io n  p o te n t ia l  th e  
in tra c e llu la r  charge did not d isappear as was o rig in a lly  assumed. 
In s tead  the transm em brane p o ten tia l overshot OmV and became reversed . 
This overshoot was a ttr ib u te d  b y  Hodgkin and Katz (1949) to a switch  
in  the selective p erm eab ility  o f the  axon membrane to ex te rn a l Na+ 
w h ich  e n te re d  th e  c e ll d u r in g  th e  a c t io n  p o te n t ia l  and  to o k  th e  
in te r n a l  e le c tr ic a l p o te n tia l o f th e  c e ll to w a rd  th e  e q u i l ib r iu m  
p o te n tia l fo r  sodium  (+60m V). T h e y  te s te d  t h e i r  h y p o th e s is  b y  
reducing  the ex te rn a l sodium ion concentration , rep lac ing  i t  w ith  
su cro se , g lucose o r c h o lin e . In  low  sod ium  s o lu tio n s  th e  a c t io n  
potentia l rose more slowly and the  am plitude was smaller. These 
resu lts  confirm ed th e ir  sodium hypothesis. These experim ents m arked  
the un fo ld ing  of the ionic basis o f membrane exc itab ility .
1.14 Transm em brane C u rre n t Q uantification .
Up to the late  1940*s the  passage o f ions across a membrane and the  
re s u lta n t c u rre n t flow  had been q u a lita tiv e ly  described in  term s of 
s e le c tiv e  sodium  and  po tassiu m  c o n d u c ta n c e s . In  o r d e r  to  
q u a n t i t a t i v e l y  a s s e s s  e le c t r i c a l  a c t i v i t y  t h e r e  w e r e  som e  
e x p e rim e n ta l c o n s id e ra tio n s . T h e  a c t io n  p o te n t ia l  has a c u r io u s  
shape as a re s u lt of the vo ltage and transm em brane c u rren ts  changing  
as a fu n ctio n  of time. In  ad d ition  the  membrane acts as a capacitor 
and a small p ro p o rtio n  of the  c u rre n t flow ing w ill be due to the  
d ischarg ing  o f the  membrane capacitance as the  membrane po ten tia l 
changes. With the th re e  in te rd ep en d e n t variab les , c u rre n t, vo ltage  
and time, q u a n tita tiv e  assessment was not feasib le .
Analysis of transm em brane c u rre n ts  became possible w ith  the  
developm ent of a re v o lu tio n a ry  ty p e  of experim ental p rocedure  in  the  
la te  1940*s ca lled  v o lta g e -c la m p . T h e  te c h n iq u e  w as d e v is e d  
in d ep en d en tly  b y  Marmot (1949) and Cole (1949), and fu r th e r  developed  
by Hodgkin, Huxley and Katz (1952). The voltage-clam p technique  
invo lved contro lling  the  vo ltage across a cell membrane by  a negative  
feedback c irc u it and d ire c tly  m easuring the re su lta n t ionic movements 
as s m a ll t r a n s m e m b r a n e  c u r r e n t s .  I n  s u c h  e x p e r im e n ts  tw o  
in tra c e llu la r  e lectrodes w ere used. The f ir s t  e lectrode measured the  
membrane po ten tia l and was connected to the " in v e rtin g "  (negative ) 
in p u t o f a d if fe r e n t ia l  fe e d b a c k  a m p li f ie r .  T h e  n o n - in v e r t in g  
(positive) in p u t was connected to a variab le  voltage source and could  
be c o n tro lle d  b y  th e  e x p e r im e n te r  (F ig .  1 .14 1 ). T h e  o u tp u t ,  
th e re fo re , was am plified and opposite to the signal d iscrepancy and  
th e  system  acted  as a n e g a tiv e  fe e d b a c k  lo o p . T h e  d i f f e r e n t ia l  
am plifier d e livered  c u rre n t when th e re  was a voltage d iscrepancy  
between its  two in p u ts  th e rb y  clam ping the membrane at the desired  
voltage. The p o ten tia l a t w hich the  cell was held was called the  
holding p o ten tia l ( V h ) .  The cell membrane potentia l could be stepped  
positive  or negative  from  th is  value  to a new p o ten tia l called the  
command p o ten tia l (Vc). When the  membrane potentia l was stepped to a 
new leve l, the c u rre n t flow ing was a measure o f the  transm em brane  
ion ic  and  c a p a c ita t iv e  c u r r e n ts  w h ic h  w e re  m o n ito re d  b y  a b a th  
electrode connected to a c u rre n t m onitor. The feedback am plifie r  
needed to h ave  a h ig h  fre q u e n c y  re s p o n s e  in  o r d e r  to  r a p id ly  
counteract an y  p o ten tia l flu c tu a tio n . In  add ition , the  compliance of 
the equipm ent needed to be h igh  in  o rd e r to in je c t s u ffic ien t c u rre n t  
d u rin g  depolarisations w hich would o therw ise be accompanied by la rg e  
poten tia l flu c tu a tio n s . A nother im p o rtan t consideration was th a t the  
area of membrane u n d e r in ves tig a tio n  must be isopotentia l, the so
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Monito r  vo l tage
Axon
M on i to r  cu r ren t
F ig . 1.14 1
Schematic diagram  of a vo ltage-c lam p c irc u it. The axonal membrane 
p o te n tia l was m o n ito red  b y  a lo n g itu d in a l  in t r a c e l lu la r  e le c tr o d e .  
The o u tp u t was th e n  fe d  in to  a d i f f e r e n t ia l  fe e d b a c k  a m p li f ie r  
to g e th e r w ith  the  imposed experim ental command pulse. When the  
membrane po ten tia l d iffe re d  from  the  command pulse the  am plifie r  
produced an am plified and in v e rte d  c u rre n t s ignal w hich was fed  in to  
the cell v ia  the  second in tra c e llu la r  e lectrode in  o rd e r to an n u l the  
p o ten tia l change.
called space-clam p condition. In  the squid axon th is  was achieved by  
in s e rtin g  a fin e  s ilv e r w ire  lo n g itu d in a lly  along v ir tu a lly  the  whole 
len g th  of the  g ian t axon p rep ara tio n .
In  the  squid g ian t axon the membrane potentia l was held near its  
p h y s io lo g ic a l re s t in g  p o te n tia l a n d  s e q u e n t ia l ly  s te p p e d  to  m ore  
positive  potentia ls . By v a ry in g  the  ex te rn a l Na+ concentration  these  
classical experim ents id e n tifie d  two separate ionic c u rre n ts  in  the  
form  of vo ltag e-d ep en d en t Na+ and K* c u rre n ts  superimposed upon a 
m inor leakag e  c u r r e n t  o f u n d e te rm in e d  io n ic  o r ig in  (Hodgkin a n d  / \
Huxley, 1952a), H^gkin and Huxley th en  proceeded to q u a n tita tiv e ly  
describe the ionic perm eabilities  b y  m easuring the "instantaneous  
c u rre n t-v o lta g e  re la tion" (H <^kin  and H uxley, 1952b). U n d er v o lta g e - >
clam p th e  axon was f i r s t  d e p o la r is e d  s u f f ic ie n t ly  to  ra is e  th e  
perm eab ility  and then  stepped to a new command potentia l. The c u rre n t  
w as m e a s u re d  1 0 -3 0 u s  a f t e r  th e  s e c o n d  s te p  b e fo r e  f u r t h e r  
p erm eab ility  changes had taken  place. . When Na and K perm eabilities  
w ere high the I - V  re la tio n sh ip  was lin e a r according to Ohms law (see 
Eq. 1.12 5).
T h e  H o d g k in - H u x le y  m o d e l (1 9 5 2 c )  p ro p o s e d  t h a t  io n ic  
conductances describe p erm eab ility  changes b ro u g h t about by the  
opening and closing k in etics  o f ionic channels. These channels are  
responsib le fo r  the r is in g  and fa llin g  phase of the action poten tia l. 
A ctivation  is the  ra p id  process th a t opens Na channels d u rin g  a 
voltage-c lam p step depo larisation , and allows gNa to increase w ith  a  
v e ry  steep vo ltage dependency tow ard  a maximum value . Beyond th is  
maximum value gNa shows a slower tim e - and v o ltag e -d ep en d en t decline  
as the  Na channels close d u rin g  a depo laris in g  step, a process known  
as in activa tio n . Once the Na channels have been in activa ted  they  
cannot be activa ted  to the  conducting  state  u n til th e ir  in activa tio n
has been removed b y  re p o la ris in g  or h yp erp o la ris in g  the membrane. 
While Na in activa tio n  is ta k in g  place, K channel activa tion  occurs  
much more s lo w ly  and  ach ie v es  a new  s te a d y  s ta te  d u r in g  th e  
depolarisation . Squid potassium channels do not show in activa tio n  
d u rin g  short d u ra tio n  depolarisations. Upon repo larisation  the gK 
slowly re tu rn s  to the  re s tin g  leve l.
H o d g k in  and H u x ley  (1952c) th e n  d e v e lo p e d  a m a th e m a tic a l 
descrip tion  fo r  the tim e-course  of the  Na and K conductances d u rin g  
depolaris ing  voltage steps. The vo ltage and tim e-course re la tionsh ip  
fo r gK follows an 8 -sh ap ed  time course followed by  an exponential 
decline on repo larisation . For potassium th is  could be described as 
a f i r s t  o rd er k in etics  exponentia l (n) raised to the fo u rth  power:
gK =  gKmax n* Eq. 1.14 1
Where gnaax is the maximum conductance fo r a g iven  voltage step and  
n“* is the p ro b a b ility  o f fo u r p artic les  being in  the co rrec t position  
fo r the channel to open d u rin g  depolarisation . A f i r s t  o rd e r process  
involves on ly  one ty p e  of molecule as a reac tan t. In  th is  equation  
the m olecule ty p e  is  n p a r t ic le s  w h ic h  m ake t r a n s it io n s  b e tw e e n  
perm issive and nonperm issive form s i.e. activa ted  and in actvated  
states. Note th a t th e re  is no in activa tio n  term  fo r  potassium in  
th is  system.
Sodium also exh ib its  an S -shaped conductance cu rve  and its  
o v e ra ll tim e co u rse  co n s is ts  o f an a c t iv a t io n  an d  an  in a c t iv a t io n  
te r m .  T h e  a c t iv a t io n  w a s  f i t t e d  b y  a f i r s t  o r d e r  k in e t ic s  
exponential (m) ra ised to th e  th ird  power, presum ably because th re e  
p a rtic le s  assoc iated  w ith  th e  Na c h a n n e l m u st be in  th e  c o r r e c t  
position fo r  i t  to open. In a c tiv a tio n  was a s tra ig h t fo rw ard  f i r s t -  
o rd e r decay (h):
gNa — gNamax m^h Eq. 1.14 2
From these two equations (Eq. 1.14 1 & 2) Hodgkin and Huxley w ere
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able to reco n s tru c t the  action poten tia l as a fu n c tio n  of time and  
changing conductances. T h e ir  th eo re tica l values closely matched the  
actual action p o ten tia l recorded  from  a squid axon.
S u b s eq u e n t in v e s t ig a to rs  h ave  show n th a t  th e  fu n d a m e n ta l  
p rinc ip les  of vo ltag e -d ep en d en t p erm eab ility  changes and concomitant 
conductance changes b ro u g h t about b y  opening and closing of Na and K 
channels are  g en era lly  applicab le  to o th er excitable membranes.
The m id -1970s  saw a n o th e r  m a jo r te c h n ic a l d e v e lo p m e n t in  
e le c tro p h y s io lo g y , nam ely  th e  p a tc h -c la m p  te c h n iq u e  (N e h e r  a n d  
Sakmann, 1976; Hamill, M a rty , Neher, Sakmann and S igw orth , 1981). 
This technique made i t  possible to resolve microscopic c u rre n ts  th a t 
correspond to the opening and closing of in d iv id u a l ion channels. In  
p ractice , a polished glass p ip e tte  (tip  diam eter 0 .5 -l.G uM ) is placed  
on the cell surface of enzym atically  cleaned cells, and then  gentle  
suction is applied in  o rd e r to achieve a seal between the glass and 
m em brane w ith  an e le c tr ic a l re s is ta n c e  in  th e  o r d e r  o f 1 0 -1 0 0  
gigohm s. S ta r t in g  from  th e  c e l l -a t ta c h e d  mode w h e re  th e  p a tc h  
p ip e tte  is attached to the cell v ia  a h igh resistance seal, any one 
of th re e  o th er reco rd in g  configura tions  can be achieved (F ig . 1.14 
2), each of which can be used to address d iffe re n t problems (Sakmann  
and N eher, 1984).
A lthough patch-c lam ping  has on ly  been developed w ith in  the past 
12 years , i t  is now used in  many laboratories  around the  w orld and on  
many d iffe re n t types  of ce ll and sub ce llu lar o rganelle  in  add ition  to  
n erve  cells (H ille, 1984).
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1.2 MECHANISMS OF E XC ITA B IL ITY .
1.21 In tro d u c tio n .
The most stud ied  and understood channels in  term s of k inetics  and, 
la t te r ly , molecular s tru c tu re  are  the  Na and K channels of axons. 
Classically Na+ ions c a rry  the  inw ard  c u rre n t w hile K+ ions c a r ry  the  
outw ard  c u rre n t. Not long a fte r  the  sodium th e o ry  fo r  the  action  
p o ten tia l was proposed, F a tt and G insborg (1958) id e n tified  calcium  
as the  major inw ard  c u rre n t c a rry in g  ion in  crab  leg muscle fib re s . 
Since th is e a r ly  d iscovery  w ith  crustacean muscle, and indeed w ith  
o th e r  ty p e s  o f m uscle, calc ium  s p ik e s  h a v e  b e en  id e n t i f ie d  in  a 
num ber of v e rte b ra te  and in v e rte b ra te  p rep ara tio n s . For example, 
molluscan n erve  cell bodies (Oomura, Ozaki and Mae no, 1961), fro g  
s p in a l g an g lio n  ce lls  (K o ke ts u , C e r f  and  N is h i, 1 9 5 9 ), P ara m e c iu m  
(Naitoh, E ckert and Friedm an, 1972), s ta rfish  eggs (Hagiwara, Ozawa 
and Sand, 1975), mammalian hippocam pal cells (D ingledine, 1983) and  
g u in ea-p ig  o lfac to ry  cortex neurones (Galvan, C onstanti and F ran z, 
1985). The e xc itab ility  of a cell is a balance between ions which  
generate  inw ard  c u rre n t e.g. Na+ and Ca2+, and those which generate  
outw ard  c u rre n t i.e. those w hich tend  to depolarise and those w hich  
t e n d  to  h y p e r p o la r is e  th e  c e l l  e .g .  K+ a n d  C l“. U s in g  o ld  
term inology, potassium channels serve  to "stabilise" the  membrane, 
i . e .  to  m a in ta in  th e  m e m b ra n e  p o t e n t ia l  n e a r  th e  p o ta s s iu m  
equilib rium  potentia l and away from  thresho ld . No o th er channels  
o ffe r  the d iv e rs ity  shown b y  potassium -selective channels w hich can  
be a c tiv a te d  b y  v o lta g e , io n s , t r a n s m it te r s ,  a n d  in t r a c e l lu la r  
m e s s e n g e rs . B y  c o m b in in g  d i f f e r e n t  c h a n n e l  ty p e s  s u b t le  
physio logically  fu n ctio n a l requ irem ents  can be achieved.
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1.22 POTASSIUM CURRENTS.
1.221 D e layed  R e c t i f ie r  ( I i ) .
In  the classical papers  o f Hodgkin and Huxley {1952a; b; c ), the  K+- 
s e le c tiv e  c h a n n e l in  axo n a l m em b ran es  was c a lle d  th e  " d e la y e d  
re c t if ie r" , so called because of the  delay in  its  activa tio n  a fte r  a 
vo ltage step depo larisation  and re c t if ie r  because c u rre n t flows more 
re a d ily  in  one d ire c t io n , o u t o f th e  c e ll .  U n d e r  v o lta g e -c la m p  
conditions squid axonal I k slowly activates  around -30m V and was 
o rig in a lly  re p o rte d  to rem ain a t a steady state (H odgkin  and Huxley, 
1952c). L a te r w o rk  b y  E h ren ste in  and G ilb ert (1966) showed th a t w ith  
p ro lo n g e d  d e p o la r is a tio n  (4 -5  s ec o n d s ) Ik  r is e s  to  a p e a k  th e n  
u n d e r g o e s  s lo w  i n a c t i v a t i o n  to  a s te a d y  s t a t e  v a lu e .  T h is  
in a c tiv a tio n  o f I k also  o c cu rs  in  m o llu sc a n  n e u ro n e s  (C o n n o r a n d  
Stevens, 1971a; Thompson, 1977; A ld rich , G etting and Thompson, 1979).
In  molluscan neurones th e re  is a progress ive  decline in  outw ard  
c u r r e n t  upon r e p e t it iv e  s tim u la tio n  (< 2 H z) c a u s e d  b y  c o n tin u e d  
in ac tiva tio n  d u rin g  the in te r -p u ls e  in te rv a l. Th is  phenomenon has 
been term ed cum ulative in a c tiv a tio n  and can a ffe c t the shape o f the  
a c t io n  p o t e n t ia l  i . e .  c a u s e  b r o a d e n in g  ( A ld r ic h  e t  a l , ,  1 9 7 9 ) .  
In a c tiv a tio n  of I k is vo ltag e  as w ell as tim e-depend ent, b u t does not 
re q u ire  Ca^* in flu x . When measured by the  e ffe c t o f p re -p u ls es  of 
v a ry in g  d u ra tio n  on the peak am plitude of a te s t-p u ls e  c u rre n t, the  
tim e co u rse  o f in a c t iv a t io n  is  b e s t f i t t e d  b y  th e  sum o f tw o  
exponential fu n ctio n s  w ith  time constants of 570ms, and 3,5ms. The 
ra p id  in ac tiva tio n  component accounts fo r 90% in ac tiva tio n  and has a 
time course com parable to its  activa tion  (A ldrich  et al,, 1979).
Recent w ork  on in te rn a lly  d ialysed squid axon has ind icated  the  
involvem ent o f ATP in  the m odulation of the g a tin g  mechanism o f I k 
channels (B enzanilla , Caputo, DiPolo and Rojas, 1986). The ga tin g  
mechanism of a channel re fe rs  to a "sensor" w ith in  the  channel which
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opens o r closes the  channel in  response to a p p ro p ria te  stim uli. When 
ATP is added to the  saline, the potassium c u rre n t, fo r  pulses more 
p o s itiv e  th a n  -30m V , is  in c re a s e d  b y  2 .5 - f o ld .  R em o v in g  A TP  
a ltogether reduces the peak outw ard  c u rre n t. C onversely  the c u rre n t  
fo r  pulses more negative  than  -30m V is reduced. ATP decreases the  
activa tio n  and hastens the in activa tio n  when Mg*+ ions a re  p resen t in  
the d ia lys is  media. The pyrophosphate groups o f ATP have a h igh  
a f f in i ty  fo r  d iv a le n t  c a tio n s , th u s  a c t iv e  A TP  is  fo u n d  as a 1:1 
metal complex w ith  magnesium in  the  cytoplasm . Magnesium ions w ere  
th e re fo re  re q u ire d  w ith in  the  p e rfu sa te  fo r  ATP a c tiv ity . Benzanilla  
e t  a h  (1 9 8 6 )  s u g g e s t  a s p e c i f ic  p h o s p h o r  y  l a t i n  g s ite  o f  th e  
potassium channel w hich subsequently  a lte rs  th e  vo ltage sensor of 
th e  a c t iv a t io n /in a c t iv a t io n  g a t in g  th e r e b y  s h i f t in g  th e  v o lta g e  
dependence to more positive  membrane potentia ls .
I k f ro m  d i f f e r e n t  p r e p a r a t io n s  e g . f r o g  n o d e  o f  R a n v ie r  
(Arm strong and H ille, 1972), squid axon (Tasaki and Hagiwara, 1957; 
A rm s tro n g , 1969) and m olluscan n e u ro n s  (N e h e r  a n d  L u x , 1972; 
T h o m p s o n , 1 9 7 7 ; H e rm a n n  a n d  G o rm a n , 1 9 8 1 b ) is  b lo c k e d  b y  
te tra e th y la m m o n iu m  ions (TEA+ see A P P E N D IX  I I I B  f o r  s t r u c t u r e )  
a p p lie d  fro m  th e  in s id e  o r o u ts id e  o f th e  m e m b ra n e . TEA+ has  
d if fe r e n t ia l  e ffe c ts  upon p o tass iu m  c u r r e n t s  d e p e n d in g  on i ts  
concentration  and w h eth er i t  is applied in te rn a lly  o r e x te rn a lly  to 
th e  m em brane ( fo r  re v ie w  see S ta n f ie ld ,  1 9 8 3 ). O n ly  in t e r n a l ly  
a p p lie d  TEA+ was e f fe c t iv e  in  b lo c k in g  I k in  s q u id  g ia n t  axons  
(T a s a k i and  H a g iw ara , 1957). C o n v e rs e ly  in  m o llu s c a n  n e u ro n e s  
ex tern a lly  applied  TEA+ g re a tly  reduced I k leav in g  the  inw ard  c u rre n t  
u n affec ted  (Connor and Stevens; 1971a) w hereas in te rn a lly  applied  
TEA+ blocks the fa s t tra n s ie n t potassium c u rre n t ( I a ) and I k eq u ally  
(Neher and Lux, 1972).
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These observations can be explained i f  th ere  are  two recep tors  
fo r TEA+, one accessed from  the  cytoplasm  and the o th e r from  outside  
the cell. According to A rm strong 's  th e o ry  fo r q u a rte rn a ry  ammonium 
ion (QA) block (review ed b y  A rm strong, 1971) the  QA receptor lies  
w ith in  the channel pore so th a t blockade can only  occur when the  
channel is opened b y  a depolaris ing  pulse allowing QA to e n te r from  
the in te rn a l surface of the cell membrane. The channel can also 
close w ith  QA in  place. The q u a rte rn a ry  ammonium series includes: 
TEA+, non y Itr ie  th  y lammonium (C9), tetrapentylam m onium  (TPeA), and  
o ther hydrophobic  d e riv a tiv es . A t potentia ls  which cause inw ard  K+ 
c u r re n ts , e x te rn a l speeds th e  r a te  o f d r u g  d is s o c ia t io n  b y  
p h y s ic a lly  o u s tin g  th e  QA from  th e  o p en  c h a n n e l. T h is  in t e r n a l  
recep tor is d is tin c t from  the ex tern a l one which is ra p id ly  blocked  
a t h ig h e r  c o n c e n tra tio n s  o f QA a n d  is  r e la t iv e ly  u n a f fe c te d  b y  
membrane p o ten tia l, ga ting , or ex tern a l K+ (Hille, 1984). The e ffe c t 
of TEA* on iKca w il be review ed in  section 1.223.
O ther d ru g s  and toxins have been found to a ffe c t I k in  d iffe re n t  
p r e p a r a t io n s .  F o r  e x a m p le , e x t e r n a l  a p p l ic a t io n  o f th e  d r u g  
quin id ine to molluscan pacem aker neurones a ffec ts  I a , I k , and the  
c a lc iu m -a c tiv a te d  potassium  c u r r e n t  (iKca) (H e rm a n n  a n d  G o rm an ,
1984). The p rim ary  action o f th is  d ru g  is the ra p id  suppression of 
Ik  in  a m an n er s im ila r to QA’s e f fe c t  (A rm s tro n g , 1971) a t  low  
concentrations (lOOuM) in  a vo ltag e-d ep en d en t m anner. Phallo idin is 
a cyclic  heptapeptide  isolated from  the  toadstool Am anita phalloïdes* 
A t lo w  c o n c e n t r a t io n s  (10~^^ to  1 0 “®M) u n d e r  c u r r e n t - c la m p  
c o n d itio n s , th e  to x in  s ig n if ic a n t ly  in c re a s e d  th e  a c t io n  p o te n t ia l  
du ra tio n  and the am plitude of the associated contraction  in  in ta c t  
fro g  ske leta l muscle (Cognard, Ewané-Nyam bi, P otreau, and Raymond,
1985). V o lta g e -c la m p  s tu d ie s  show ed t h a t  p h a llo id in  r e v e r s ib ly  
decreased I k. F u rth e r  investigations  ind icated  th a t the  mechanism of
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in h ib itio n  was v o ltag e -d ep en d en t and fre q u e n cy -in d e p e n d en t. More 
p o s itiv e  h o ld in g  p o te n tia ls  fa c i l i ta te d  to x in -b lo c k a d e  (C o g n a rd ,  
Ewané-Nyam bi, P otreau, and Raymond, 1986),
Noxiustoxin (NTX) is iso lated from  the venom of the  scorpion  
C entruro ides noxius. Carbone et al, (1987) re p o rte d  th a t application  
of NTX (5uM ) to  iso la te d  sq u id  g ia n t  axo n s  c au s e s  a lm o s t f u l l  
blockade of I k a t OmV command p o ten tia l, b u t a t lOOmV I k was only 60% 
reduced . The k in etics  and am plitude of the  Na+ c u rre n t was lit t le  
affected  by the toxin. The b locking  action appears to be v o ltag e - 
dependent. A t toxin concentrations o f less than  1.5uM, how ever, the  
blocking action is v o ltag e -in d e p e n d e n t (Carbone, Wanke, P restip ino , 
Possani and M a e lic k e , 1982), w h ich  a lso  s u g g e s ts  a c o n c e n tra t io n  
d e p e n d e n c y .  In  a d d i t io n  , th e  to x in  b lo c k in g  p o te n c y  a t  
concentrations less th an  1.5uM, was modified b y  hold ing potentia l; a 
g re a te r block was observed a t more negative  potentia ls . R epetitive  
pulses and s trong  depolarisations re lieved  the  channel block in  a 
manner sim ilar to th a t re p o rte d  fo r  4 -am in o p yrid in e  (4-AP) in  squid  
axons (Meves and Pichon, 1977). To ta l blockade of I k b y  NTX was not 
achieved.
T h e re  is  also a to x in  ca lled  to x in  I I - 9  (P o s s a n i, M a r t in  a n d  
Svendsen, 1982) isolated from  the L a tin  Am erican scorpion T ityu s  
s e rru la tu s .  T h is  to x in  has s im ila r  p h y s ic a l an d  p h y s io lo g ic a l  
p ro p erties  to NTX (Carbone, P res tip in o , Spadavecchia, F ran cio lin i and  
Possani, 1987).
In  sum m ary, th e  p h y s io lo g ic a l s ig n if ic a n c e  o f I k w o u ld  be  
membrane rep o larisa tio n  a fte r  an action  p o ten tia l en su rin g  th a t the  
action poten tia l is b r ie f . The phenomenon of cum ulative in activa tio n  
can have an e ffe c t upon the  shape of the  action po ten tia l i.e . cause 
broadening (A ld rich , G etting  and Thompson, 1979). The delayed
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re c t if ie r  ( I k ) channel is most commonly found in  axonal membranes and  
also o ccu rs  in  n e u ro n a l c e ll b o d ie s  a lo n g  w ith  o th e r  ty p e s  o f K 
channels. I k slowly ac tiva tes  a t potentia ls  more positive  than  -30m V  
and u n d e rg o e s  slow in a c t iv a t io n . E x te r n a l a p p lic a t io n  o f TEA * 
p r e f e r e n t i a l l y  b lo c k s  I k a t  lo w  c o n c e n t r a t io n s .  T h is  a c t io n ,  
h o w e ve r, is  no t e n t ir e ly  s p e c ific  a n d  can  d e p re s s  iKCa in  some 
prep ara tio n s . In te rn a l app lication  o f TEA+ blocks o th e r K channels  
equally  well. Q uinid ine also n o n -sp ec ifica lly  blocks I k . A num ber 
of to x in s  a re  r e la t iv e ly  s p e c ific  f o r  I k e .g . p h a l lo id in ,  th e  ven o m  
extrac ts  NTX, and toxin I I - 9 .
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1 .2 2 2  E a rly , Fast T ra n s ie n t ( I a ) ,
M any e x c ita b le  ce lls  possess a d is t in c t  p o p u la t io n  o f p o ta s s iu m  
channels th a t ra p id ly  ac tiva te  and in ac tiva te  p roducing  a tra n s ie n t  
outw ard  c u rre n t. Th is  c u rre n t was o r ig in a lly  rep o rted  by  H agiw ara, 
Kusano, and 8 ai to (1961) in  molluscan {Onchidium) neurones. A decade  
l a t e r  C o n n o r  a n d  S te v e n s  (1 9 7 1 b )  a n d  N e h e r  (1 9 7 1 )  f u r t h e r  
ch aracterised  the c u rre n t in  molluscan cells and term ed it  I a (or the  
A -c u r r e n t ) ,  I a has been  r e p o r te d  in  in v e r t e b r a t e s ,  in c lu d in g  
m o llu s c a n  n e u r o n e s ,  in s e c t  m u s c le  a n d  s t a r f i s h  o o c y te ,  a n d  
v e r te b r a te s , in c lu d in g  m am m alian, f is h  a n d  a m p h ib ia n  n e u ro n e s ,  
mammalian muscle and endocrine cells (fo r a review  see Rogawski,
1985 ).
S tepping the membrane p o ten tia l from  a hyperpo larised  po ten tia l 
(-lOOmV) back to the reg ion  o f the re s tin g  poten tia l (betw een -50  and  
-35m V) re s u lts  in  a t ra n s ie n t  o u tw a rd  p o ta s s iu m  c u r r e n t  in  some 
neurones (Connor and S tevens, 1971b; Neher 1971; Thompson, 1977). I a 
exh ib its  rap id  activa tio n  (10-20  ms) and an exponential in ac tiva tio n  
(200-600ms) d u rin g  s te a d y -s ta te  depolarisation . The time course of 
I a , although much slower, resem bles vo ltag e-d ep en d en t sodium channels  
described b y  the f i r s t  o rd e r equations of Hodgkin and Huxley (1952c). 
I n a c t i v a t i o n  c a n  o n ly  b e  re m o v e d  b y  a c o n d i t io n in g  
h yp erp o la risa tio n . S ingle channel conductance measurements o f I a 
have been made in  a num ber o f p rep ara tio n s . T ay lo r (1987) rep o rte d  a 
value  o f 14pS in  Helix aspersa  neurones. Cooper and S h rie r (1985) 
rep o rted  a conductance of 22pS in  ra t  nodose gang lia  cells, w h ils t 
the  la rg e s t conductance of 40pS was rep o rted  in  Lymnaea stagnalis  
neurones (Kazachenko and G eletyuk, 1984). The k in etics  of I a enabled  
i t  to be separated from  the  ex ten s ive ly  studied I k . A  re ce n t s tu d y  
b y  T a y lo r  (1987) d e m o n stra ted  t h a t  I a c h a n n e ls  o f  H e lix  a s p e rs a  
neurones a re  perm eable to a num ber o f m ono-valent cations. The
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1p erm eab ility  sequence being Tl+> K*> Rb+> NH4 +.
The p h arm aco lo g ica l p ro f i le  o f I a is  a ls o  d is t in c t  fro m  I k * 
Thom pson (1977) re p o r te d  th a t  I a w as s e le c t iv e ly  b lo c k e d  b y  low  
concentrations (3 mM) of e x te rn a lly  applied 4-AP and was much less  
sensitive  to ex te rn a l TEA* or to C0 2 + and Mn^+ than  I k* At h igh  
concentrations or w ith  in te rn a l app lication , how ever, 4-AP does a ffe c t  
o ther potassium c u rre n ts  (Hermann and Gorman, 1981a). T h roughout 
several p h y la , I a is blocked b y  am inopyrid ines w ith  a sim ilar dose 
d e p e n d e n c y . T h is  shows p h a rm a c o lo g ic a l s im i la r i t y  an d  im p lie s  
conservation o f the  channels* m olecular s tru c tu re  (Rogawski, 1985).
U s in g  co ckro ach  g ia n t  axons, P e lh a te  an d  S a t te lle  (1 9 8 2 )  
proposed a ra n k  potency fo r  am inopyrid ines and th e ir  d e riv a tiv es . 
The most c r it ic a l molecular fe a tu re s  seem to be: lip id  so lub ility ; a 
po s itive ly  charged  amino group; and small m olecular size. Hence the  
smaller molecules such as 3 ,4 -d iam in o p yrid in e  (3,4-DAP) and 4-A P w ere  
more selective fo r  K+ channels w hereas 4-am inoquinoline (4-AQ) also 
blocked Na+ channels. In  squid the am inopyrid ine blockade appears to 
be dependent on membrane p o ten tia l and fre q u e n cy  of stim ulation. 
Blockade is re lieved  by re p e tit iv e  depo laris ing  pulses and res to red  
by  prolonged repo larisation  due to the molecules being displaced from  
th e ir  b in d in g  s ites  (p re s u m a b ly  b y  p o ta s s iu m  io n s ) a n d  s lo w ly  
re b in d in g  (Meves and Pichon, 1977).
A lthough Thompson (1977) re p o rte d  a 40% reductio n  in  I a in  
m olluscan n e u ro n e s  a f te r  e x te rn a l a p p l ic a t io n  o f Co^+, th is  w as  
ascribed to the in d ire c t surface charge e ffects  causing a s h ift  in  
s te ad y -s ta te  a c tiv a tio n /in a c tiv a tio n  tow ard the positive  reg io n  of 
the  vo ltage axis o f the  I - V  c u rv e  i.e . a sim ilar s h ift would occur 
w ith  e levated  extern a l Ca2+. More re ce n tly , how ever, Junge (1985) 
has re p o rte d  th a t I a in  A plysia  califo rn ica  neurones was blocked by
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externa l application  of Co^+ and augm ented by  increasing  externa l 
[Ca^+j. F u rth e r  evidence fo r  the invo lvem ent of Ca2+ was gained by  
th e  a p p lic a tio n  o f th e  o rg a n ic  Ca c h a n n e l b lo c k e r ,  v e ra p a m il  
hydroch loride , which blocked I a in  A plysia  neurones (Junge, 1985). 
The c a lc iu m -a c tiv a te d  I a was a lso  b lo c k e d  b y  a m in o p y r id in e s . A 
calc ium -activated  I a has also been re p o rte d  in  the muscle membrane of 
a d u lt and la rv a l w ild -ty p e  and m utant Drosophila  (S a lko ff, 1983a).
Low c o n c e n tra tio n s  (5 -lO juM ) o f e x t e r n a l ly  a p p lie d  TEA+ w il l  
selective ly  reduce I k , b u t h ig h e r concentrations (20-100m M), how ever, 
w ill also block I a (Connor and S tevens, 1971b ; Neher and Lux, 1972 ; 
Thompson, 1977). The d iffe re n t sen s itiv ities  w ere dem onstrated by  
Neher and Lux (1972) b y  a 5 -fo ld  increase in  TEA+ concentration  
re q u ire d  to block I a to the same degree  as I k .
Dendrotoxin (DTX) is a p o lyp ep tid e  isolated from  the venom of 
the Green Mamba snake Dedroaspis angusticeps. Th is toxin has been  
re p o rte d  to s e le c t iv e ly  re d u c e  a p o r t io n  o f th e  d e la y e d  n o n ­
in ac tiva tin g  outw ard  c u rre n t ( I k ) in  g u in e a -p ig  dorsal root ganglion  
neu ro n es  le a v in g  th e  fa s t  in a c t iv a t in g  c o m p o n e n t ( I a ) u n a f fe c te d  
(Penner, P etersen , P ierau  and D re ye r, 1986). E xterna l TEA+ reduced  
th is  c u rre n t and subsequent ad d itio n  o f DTX was able to fu r th e r  
re d u c e  a p o r tio n  o f th e  o u tw a rd  c u r r e n t .  I n  th is  p r e p a r a t io n ,  
how ever, 3,4-DAP p a r tia lly  reduced I k and subsequent application of 
DTX had no e ffe c t, p resum ably  because DTX has an am in o p yrid in e -like  
blocking action. Pharm acologically, th is  c u rre n t resembles the fa s t  
tra n s ie n t c u rre n t more th an  the  delayed re c t if ie r . The sp ec ific ity  
of DTX appears to v a ry  w ith  the cell typ e  and has been rep o rted  to  
s e le c tiv e ly  b lo ck  I a in  h ip p o cam p a l n e u ro n e s  (D o lly  e t a L ,  1984; 
Halliwell, Othman, P elchen-M atthew s and Dolly, 1986).
The f r u i t  f ly  Drosophila m elanogaster has a genetic  defect form  
called a "shaker" m utant, so-called because u n d er e th e r anaesthesia
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th e ir  legs shake. T re a tin g  norm al w ild -ty p e  animals w ith 4-AP could 
mimic the shaker m utant, w hich suggested  an abnorm al potassium  
channel (Jan, Jan and Dennis, 1977). Th is  was confirm ed by S alko ff 
(1983b), who re p o rte d  th a t a d u lt shaker m utants have modified myotube 
I a channels.
W ild -ty p e  a d u lt f lie s  h ave  tw o ty p e s  o f t r a n s ie n t  o u tw a rd  
c u rre n ts  in  muscle membrane. One is I a and the o th er is a calcium - 
dependent fa s t outw ard  c u rre n t term ed lAcd (S a lko ff, 1983a). There  
is also an ad d itio n al slowly develop ing o u tw ard  c u rre n t. These two 
tran s ien t c u rre n ts  have a sim ilar tim e-course  and are  superimposed on 
the fas t inw ard  c u rre n t which makes analys is  d iff ic u lt . Advantage  
can be taken  o f lAcd being p re fe re n tia lly  suppressed by  Co2+ (lOmM), 
La3* (Im M) and TEA+ (20mM), w hile I a is u n a ffec ted . Likew ise 3,4-DAP  
blocks I a leav in g  ÏAcd unaffec ted  (Gho and M a lla rt, 1986). The a d u lt 
shaker m utant, how ever, has an a lte re d  o r absent I a (S a lko ff, 1983b), 
bu t does have lAcd (S a lko ff, 1983a). . S tud ies by Gho and M a lla rt
(1986) have shown th a t lAcd is also p resen t in  w ild -ty p e  and m utant 
la rv a l (th ird  in s ta r) muscle f ib re s  w hile  I a is absent from  m utant 
la rv a e . T h e  p h y s io lo g ic a l s ig n if ic a n c e  o f lAcd a p p e a rs  to  be th e  
ra p id  re p o la r is a t io n  a f te r  th e  p h a s ic  e n t r y  o f c a lc iu m  d u r in g  an  
action p o ten tia l (S a lko ff, 1983a).
C u ltu red  m yotubes and neurones of D rosophila  have q u ite  d is tin c t 
I a channels called A1 and A2 re s p e c tiv e ly  (Sole, Zagotta and A ld rich , 
1987). The typ e  A1 m yotube channels have fa s te r  and more v o lta g e - 
dependent macroscopic in a c tiv a tio n  k in e tics , a la rg e r  single channel 
con d u ctan ce  (b e tw e en  1 2 -1 6 p S ) a n d  in a c t iv a te  a t  m ore p o s it iv e  
potentia ls  th an  the ty p e  A2 neuronal channels. Sole et aL (1987) 
rep o rted  th a t the m yotube A1 channels a re  susceptible to Shaker  
m utations w hile  the  neuronal A2 channels a re  not, w hich suggests th e
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involvem ent of d iffe re n t genes in  the  expression of I a in  Drosophila.
With increasing  in form ation  being accumulated on the  genetic  
mapping of Drosophila  genes, fu tu re  research  may lead to d e lib e ra te ly  
a lte red  channels and th e ir  consequentia l e lec trica l a c t iv ity  being  
in ves tig a ted . These experim ents would be the basis o f molecular 
s tru c tu re -a c tiv ity  re la tionsh ips. A lread y  p resen t in ves tig a to rs  have  
mapped the sequentia l developm ent of muscle membrane channels between  
pupal and a d u lt stages. In  the pupal stage the f ir s t  c u rre n t to  
appear is I a followed by  I k , w hile a t the p u p a l-a d u lt tra n s itio n  I rcb 
appears s h o rtly  followed b y  lAcd (S a lko ff, 1983a; 1985; S a lko ff and  
Wyman, 1981).
The physiological im portance of I a appears to be in  enabling  the   ^^  ICM'" 
en co d in g  o f g ra d e d  d e p o la r is a tio n s  in to  a s p ik e  t r a in  f r e q u e n c y  
(Connor and S tevens, 1971b; Hille, 1984; Rogawski, 1985). The sum of 
both the in h ib ito ry  and exc ita to ry  graded  in p u ts  onto a neurone are  
transform ed in to  a code of spike tra in s . In  e ffe c t I a increases the  
in te rsp ik e  in te rv a l between action potentia ls  th e re b y  slowing the  
ra te  of re p e tit iv e  f ir in g  to a m aintained stim ulus (Adams, Smith, and  
Thompson, 1980). Upon rep o larisatio n  a fte r  an action po ten tia l the  
c e ll h y p e r  p o la ris e s  beyon d  th e  r e s t in g  p o te n t ia l  d u e  to  s tro n g  
a c t iv a tio n  o f I k . E v e n tu a lly  th e  v o lta g e -d e p e n d e n t  I k c h a n n e l  
closes, allow ing the  cell to depolarise. The I a channel now re -opens  
and e ffe c tiv e ly  counteracts  the  stim ulus in p u t th e re b y  increasing  the  
in te rs p ik e  in te r v a l  u n t i l  I a in a c t iv a te s  a n d  d e p o la r is a t io n  e n s u e s  
(Connor, 1978).
In  summary, I a is ra p id ly  ac tiva ted  a t potentia ls  between -100  
and -30m V  p ro d u c in g  a t ra n s ie n t  o u tw a rd  c u r r e n t  w h ic h  r a p id ly  
in a c tiv a te s  d u r in g  a s u s ta in e d  d e p o la r is in g  p u ls e . T h e  d is t in c t  
k in etics  and pharm acological p ro file  of I a enable i t  to be re ad ily  
s e p a ra te d  fro m  I k . The a m in o p y r id in e s  a n d  t h e i r  d e r iv a t iv e s
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selective ly  depress I&; 4-A P and 3,4-DAP being the  most po ten t. High  
concentrations o f e x te rn a lly  applied TEA+ w ill also n o n -sp ec ifica lly  
block I a . In  some species I a is  f u r t h e r  d iv id e d  in to  c a lc iu m -  
in d e p e n d e n t and  c a lc iu m -d e p e n d e n t s u b - ty p e s ,  w h e re  c a lc iu m  
antagonists are  able to suppress the  la tte r .
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1.223 C alcium -activated  (Imcm).
In  m o llu s c a n  n e u r o n e s  th e  d e la y e d  o u tw a r d  c u r r e n t  c a n  be  
pharm acologically d iv id ed  in to  two m ajor components: the v o ltag e - 
d e p e n d e n t, T E A + -s e n s itiv e  co m p o n en t c a lle d  I k ;  a n d  a seco n d  
component, called Ikcb» activa ted  b y  Ca^* e n try  in to  the  cytoplasm  
and blocked by ex tern a l Co^+ (Meech and S tanden, 1974; Thompson, 
1977). A s im ila r c u r r e n t  has b e e n  id e n t i f ie d  in  a n u m b e r o f  
d iffe re n t p rep ara tio n s  in c lu d in g  cat sp inal motoneurones (K rn je v ic  
and L isiew icz, 1972; K rn je v ic , P u il and Werman, 1975), e ry th ro cy te s  
(Lew and F e rre ira , 1978), c u ltu red  mouse spinal neurones (Lam bert, 
C o ttre ll ,  P e te rs , G reen  and  N e w to n , 1 9 8 4 ), in s e c t  m o to n e u ro n e s  
(Thomas, 1984), v e r te b ra te  re tin a l ganglion cells (Newman, 1985) and  
p lan t vacuoles (H edrich  and N eher, 1987).
In t r a c e l lu la r  io n o p h o re tic  in je c t io n  o f Ca^* in to  v o l ta g e -  
clamped H elix  neurones produced a strong  outw ard  c u rre n t (Meech, 
1974a; Hermann and H artu n g , 1982a; 1982b). U sing standard  calcium  
in je c tio n s  (lOOnA fo r  lOms) a t  v a r io u s  h o ld in g  p o te n t ia ls  a n o n ­
lin e a r  I - V  re la t io n s h ip  was c o n s tru c te d  w h ic h  g a v e  a r e v e r s a l  
poten tia l o f -75m V, close to the  th eo re tica l re v e rs a l poten tia l fo r  
a p o ta s s iu m  c u r r e n t .  T h is  c a t io n  d e p e n d e n c y  r e s u l t s  in  a 
ch ara c te ris tic  N -shape I - V  re la tio n sh ip  (Meech and S tanden, 1975; 
Thompson, 1977). With successive clamp depolarisations the c u rve  
reaches a maximum a t positive  membrane voltages th en  decreases as the  
Ca2+ equ ilib rium  p o ten tia l is approached re s u ltin g  in  a red u ctio n  in  
the d r iv in g  fo rce  on Ca2+ ions and a fa ll in  the  n e t Ca^* in flu x . 
A lth o u g h  th e  to ta l o u tw a rd  c u r r e n t  in c re a s e s  o n ce  m ore  a t  m ore  
p o s itiv e  p o te n tia ls  th is  does n o t r e p r e s e n t  a f u r t h e r  in c re a s e  in  
I k c 3 .
I n c a  was th o u g h t to exh ib it an "apparen t" vo ltage dependency due 
to the  v o ltag e -d ep e n d e n t e n try  o f Oa^+. Meech (1979) proposed th a t
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th is  was an in d ire c t vo ltag e dependency and the  channels could be 
c o n s id e re d  " a g o n is t -g a te d " . H o w e v e r, m ore r e c e n t  s in g le  c h a n n e l  
reco rd in g s  have shown th a t Ixca channels have an in tr in s ic  voltage  
s e n s i t i v i t y  ( B a r r e t t ,  M a g le b y ,  a n d  P a l lo t t a ,  1 9 8 2 ) .  W ith  
depolarisation , the  ra te  o f channel opening increases and the  ra te  of 
closing decreases.
At least two types  o f macroscopic Ixca have been d is tin g u ish ed . 
The f ir s t  typ e  is ac tiva ted  b y  in tra c e llu la r Ca^+, shows a re la tiv e ly  
slow time course and is p re se n t in  molluscan neurones (Meech, 1974b; 
E c k e rt and T illo tson , 1978; Gorman and Thomas, 1978; Hofmeier and  
Lux, 1981), cat spinal m otoneurones (K rn je v ic , P u il and Werman, 1975) 
and n eu ro b las to m a c e lls  (M o o len aar a n d  S p e c to r , 1 9 7 9 ). In  th e s e  
p re p a ra tio n s  Ixca is  a c t iv a te d  b y  an  e le v a t io n  in  c y to s o lic  f r e e  
calc ium . T h is  calcium  may be re le a s e d  fro m  c y to s o lic  s to re s  
(Andresen and Brown, 1979) or may re fle c t a calcium in flu x  from  the  
extern a l solution (Meech, 1974b). The second ty p e  is activa ted  by  
Ca2+ in flu x  th ro u g h  the membrane, has a fa s te r tim e-course (H eyer and 
Lux, 1976b; Lux and Hofm eier, 1978) and is depressed by  an elevated  
c yto so lic  Ca2+ le v e l (H e y e r and  L u x , 1976b ; E c k e r t ,  T i l lo ts o n  and  
Brehm, 1981).
In  some p re p a ra tio n s , Ca2+ io n s  e n te r in g  th e  c e ll  h a v e  tw o  
o p p o s in g  e ffe c ts  on I k c b . The f i r s t  is  th e  d i r e c t  a c t iv a t io n  o f  
iKca. The second is an  in d ir e c t  r e d u c t io n  in  Ixca v ia  a d i r e c t  
suppression of Ica. H eyer and Lux (1976b) proposed th a t Ca2+ moving  
th ro u g h  th e  m em brane is  re s p o n s ib le  f o r  Ikcb a c t iv a t io n  a n d  a lso  
in a c t iv a t io n  in  H e lix  n e u ro n e s . F i r s t l y ,  th e  tim e  c o u rs e  o f iKCa 
activa tio n  and v o ltag e-d ep en d en cy  closely follows th a t o f the  inw ard  
Ca2+ c u r r e n t  (te rm e d  I,n slow) in  H e lix  n e u ro n e s  (H e y e r  a n d  L u x , 
1976a). Secondly, because re p e tit iv e  depo laris ing  pulses (100ms) a t
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s h o rt re p o la r is a t io n  in te r v a ls  in c re a s e d  th e  in i t i a l  r a t e  o f r is e ,
i.e . w ith in  20ms, o f th e  c u r r e n t  re s p o n s e  o f s u b s e q u e n t p u ls e s  
despite a concomitant red u ctio n  in  the maximum c u rre n t am plitude. 
This augm entation was re v e rs ib ly  abolished in  Co^* and Mg2+ saline. 
The sh o rter the rep o larisa tio n  in te rv a l the g re a te r  the  augm entation  
of iKca because the Iin slow time constant is s u ffic ie n tly  long th a t  
the channel w ill not have had time to close, Im slow is incom pletely  
tu rn e d  o ff ,  and  re a c t iv a t io n  w il l  be a u g m e n te d . F u r th e r m o r e ,  a 
h y p e r  p o la r is in g  p r e - p u l s e  re m o v e s  th e  Iin  slow a n d  p r e v e n t s  
au g m en ta tio n  even  a t s h o r t  re p o la r is a t io n  in t e r v a ls .  T h ir d  an d  
f in a l ly ,  h o ld in g  th e  c e ll a t  m ore n e g a t iv e  p o te n t ia ls  e .g . -7 0 m V ,  
re d u c e d  th e  a v a ila b le  Im slow in  b e tw e e n  p u ls e s . U n d e r  th e s e  
conditions only the sh o rtes t rep o larisatio n  time course of 20ms was 
accom panied b y  a u g m e n ta tio n . F rom  th e s e  r e s u lts  th e  a u th o rs  
concluded  th a t  Ca2+ m ovin g  th ro u g h  th e  m em b ran e  a c t iv a te s  Inca, 
presum ably by a c tiv a tin g  a membrane gating  mechanism on a proxim al K - 
channel.
E ckert and T illo tson (1978) w ere the f ir s t  w o rkers  to d ire c tly  
c o r r e la t e  a c c u m u la t io n  w i t h  Inca a c t iv a t io n .  U s in g  th e
photoprote in  aequorin , tra n s ie n t Ca^+ accum ulation was m easured in  
voltage-clam ped g ian t neurones of the nud ib ranch  A nisodoris  nobilis. 
The a c tiv a tio n  k in e tic s  and  a m p litu d e  o f iKca w e re  r e la te d  to  th e  
ra te  and exten t of Ca2+ accum ulation and the d r iv in g  fo rce  on K+.
E c k e r t  e t a l, (1981) in v e s t ig a te d  th e  in a c t iv a t io n  k in e t ic s  o f  
iKca in  m olluscan n e u ro n e s  and  in  th e  p ro to z o a n  P ara m e c iu m . 
In a c t iv a t io n  o f th e  in w a rd  * ca lc ium  c o n d u c ta n c e  ( g o a )  in  c a e s iu m -  
loaded cells (ensures blockade o f potassium channels) depends upon  
the e n try  and accum ulation of calcium d u rin g  a depo laris in g  pulse. 
D u rin g  a prolonged pulse the  in w ard  calcium c u rre n t declines, i.e . 
in activa tes , to a new s teady leve l. The tim e-course of rem oval of
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in a c tiv a tio n  in  m olluscan n e u ro n e s , m e a s u re d  w ith  a rs e n a z o  I I I ,  
consists o f two exponentia l components, a ra p id  component o f 4,5ms 
and a slower component o f 450ms (Thomas and Gorman, 1977). By 
rem oving the  fre e  in tra c e llu la r  Ca2+, in jec tio n  o f EGTA slowed the  
ra te  o f in a c tiv a tio n , in c re a s e d  th e  m a g n itu d e  o f  th e  s te a d y -s ta te  
c u rre n t response and increased the  ra te  of rem oval o f in activa tio n . 
Replacement of a ll or p a r t  of the ex tern a l Ca** w ith  barium  ions 
(Ba*+) also slowed in a c t iv a t io n  b e c a u s e  Ba** io n s  a re  n o t a b le  to  
in activa te  the  Ca channel in  the  same w ay as Ca*+. U sing a double  
pulse technique, w h ereb y  pulse (I) am plitude and d u ra tio n  could be 
varie d  and im m ediately followed b y  a standard  second pulse, showed 
th a t Ca** a lread y  p resen t does not sum w ith  the new ly e n te rin g  Ca** 
a n d  f a c i l i t a t e  I k c b . E c k e r t  e t  a l,  (1 9 8 1 )  r e c o g n is e d  t h a t  
accum ulation of Ca** on the  in n e r surface o f the cell membrane should  
reduce the d r iv in g  force  on the calcium in flu x  and th e re fo re  reduce  
the m agnitude of in w ard  c u rre n t . They concluded, how ever, th a t i t  is 
the absolute accum ulation of Ca** a t the in n e r membrane surface th a t  
is d ire c tly  a ffe c tin g  the calcium channel g a ting . How does the Ica 
in activa tio n  a ffe c t I kcb? Using Helix  b u rs tin g  pacem aker neurones, 
known to have a s tro n g  Ixca component, two id en tica l vo ltage pulses  
w ere adm in istered separated  b y  a v a ria b le  in te rv a l. As the  in te rv a l  
was decreased the ou tw ard  c u rre n t response to the  second pulse was 
r e d u c e d  a n d  r e c o v e r e d  as th e  p u ls e  i n t e r v a l  w as  in c r e a s e d .  
In tra c e llu la r  fre e  Ca**, rem aining from  a p rio r Ca** e n try , produces  
in a c tiv a tio n  o f Ica th e re fo re  th e  s m a lle r  th e  in c re a s e  in  in t e r n a l  
Ca** concentration  and hence a red u ctio n  in  Inca d u rin g  the  second 
pu lse  (E c k e r t ,  T illo ts o n , and  B re h m , 1 9 8 1 ). T h is  is  s c h e m a tic a lly  
rep resen ted  in  P ig. 1.223 1 w here  an increase in  in tra c e llu la r  Ca** 
c o n c e n t r a t io n  w i l l  i n i t i a l l y  in c r e a s e  g K c a  ( s t e p  1 ) a n d  th e n
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9ca
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'ca
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intracellu lar Ca^'*’
Intracellu lar removal 
of free Ca^"^
Pig. 1.223 1
The in te r -re la tio n s h ip  betw een in tra c e llu la r calcium concentration
and ca lc ium -dependent conductances. An increase in  in tra c e llu la r
Ca^+ has two opposing e ffec ts . F irs t ly  an increase in  gKoa (step  1)
and secondly a supression of an y  fu r th e r  increase in  goa (step  2)
(adapted from  E c k e rt, T illo tson and Brehm, 1981).
n eg ative ly  feedback to suppress a fu r th e r  increase in  gCa (step 2).
Once calcium tra v e rs e s  the membrane and en ters  the cytoplasm  the  
complex b u ffe r in g  system  reg u la tes  the m agnitude and the tim e-course  
o f its  cytoplasm ic accum ulation (fo r rev iew  see M cB urney and N eering , 
1987). T h ere  are  fo u r m ajor co n trib u to rs  to th is  homeostasis:
i) sequestration  b y  m itochondria;
ii)  sequestration  b y  endoplasmic re ticu lum  (ER);
iii)  b in d in g  to  cy to p lasm ic  p ro te in s  e .g . c a lm o d u lin  o r
paravalbum in  and
iv ) Ca2+ exch an g e  across  th e  c e ll  m e m b ran e  e .g .  N a+-
dependent Ca^* exchange or an A TP -dependent Ca^+ extrusion .
A lthough several o f these mechanisms have been dem onstrated in  
n e u r o n e s  t h e i r  r e l a t i v e  c o n t r ib u t io n s  to  i n t r a c e l l u l a r  Ca2 + 
homeostasis is not c lear (M cBurney and Neering, 1987).
The ad ven t o f p a tc h -d a m p in g  techniques has allowed fu r th e r  
d is tin ctio n  between d iffe re n t typ es  o f I kcb. T h ere  appears to be two 
main groups of Kca-channels:
i) Large u n ita ry  conductance (100-200pS), and
ii) Small u n ita ry  conductance (10-20pS)
(L a to rre , Coronado and V erg ara , 1984). The large conductance channel 
was o rig in a lly  re p o rte d  in  cu ltu red  bovine chrom affin  cells (M arty ,
1981) and  la te r  in  a v a r ie ty  o f p r e p a r a t io n s  e .g . c u l tu r e d  r a t  
m yotubes  (P a llo ta , M a g leb y  and  B a r r e t t ,  1 9 8 1 ), c lo n a l a n te r io r  
p itu ita ry  cells (Wong, Lecar and A d le r, 1982), b u llfro g  sym pathetic  
neurones (Adams, C onstanti, Brown and C lark , 1982), c u ltu red  mouse
s p in a l n eu ro n e s  (L a m b e rt e t a L , 1984) an d  sm ooth  m u scle  c e lls
(Inoue, K itam ura and Kuriyam a, 1985). Such a larg e  conductance means 
th a t the openings and closings a re  qu ite  obvious above the background  
noise leve l, hence these channels acqu ired  the name "Big B rothers" or  
BK channels (M arty , 1983) and w ere  also re fe rre d  to as maxi channels
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b y  L a to rre  and  M ille r  (1983 ). T h e s e  BK c h a n n e ls  h a v e  b e en  
incorporated  in to  phospholip id  b ilaye rs  enabling  the s tu d y  o f the  
channel molecules w ith o u t o th e r c e llu la r components (Coronado and  
Labarca, 1984). There  a re  a t least th ree  open states which may 
c o rres p o n d  to th e  b in d in g  o f th r e e  Ca2+ n e a r  o r  in  th e  c h a n n e l  
(B a rre tt, M agleby and P allo tta , 1982).
The low conductance channel (Kg) was o rig in a lly  id e n tified  in  
Helix  neurones by  Lux, Neher and M a rty , (1981) and la te r in ves tig a ted  
by Hermann and H artu n g  (1982a; b ). A sim ilar low conductance channel 
has also been id e n tifie d  in  smooth muscle cells (Inoue, K itam ura and  
Kuriyam a, 1985) and A plysia  neurones (H artu n g  and Hermann, 1987). 
The K s -c h a n n e l can be a c t iv a te d  b y  in t r a c e l lu la r  io n o p h o re t ic  
in jec tio n  of Ca^* (Herman and H artu n g , 1982a). There  is evidence  
t h a t  t h is  c h a n n e l  is  m o d u la te d  b y  c A M P -d e p e n d e n t  p r o t e in  
phosphorylation  of a site closely associated w ith  the channel (Ew ald, 
Williams and L evitan , 1985). P ro te in  phosphorylation  caused a lo n g -  
la s tin g  in c re a s e  (s e v e ra l m in u te s ) in  a f f i n i t y  o f K s -c h a n n e ls  f o r  
Ca2+ and an increased p ro b a b ility  o f channel opening between -60m V  
and lOOmV.
A lthough TEA* is c lassically  considered to be an I k channel 
b lo c k e r its  a c tio n  is  n o t a b s o lu te ly  s p e c if ic .  E x t e r n a l ly  a p p lie d  
TEA* blocked both Inca and I k channels in  H elix  neurones (Meech and  
Standen, 1975; Hermann and Gorman, 1981b). In  add ition , some w o rkers  
have dem onstrated th a t two coexisting components o f iKca d iffe r  in  
th e ir  re la tiv e  sen s itiv ities  to e x te rn a lly  applied  TEA* (Deitm er and  
E c k e r t ,  1985; In o u e , K ita m u ra  an d  K u r iy a m a , 1 9 8 5 ). T a i l  c u r r e n t  
measurements from  id e n tifie d  A plysia  neurones enabled the  d is tin c tio n  
between a la rg e  TE A *-sensitive  (Im M ) component and a TE A *-insens itive  
c o m p o n e n t in  th e  sam e c e l l  w h ic h  m ay b e  a f f e c t e d  b y  h ig h
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concentrations of TEA* (200mM). The re la tiv e  c o n trib u tio n  of these  
components v a rie d  between cell typ es . The re v e rs a l potentia l of the  
T E A *-res is tan t ta il c u rre n t lay  close to -60mV w hich is typ ica l fo r  
iKca (Meech and S tanden, 1975). A co rre la tio n  has been dem onstrated  
between the presence of a TE A *-sensitive  component and spontaneous  
b u rs tin g  behaviour in  A plys ia  neurones (Gorman and Hermann, 1982). 
Those cells w ith  on ly  a T E A *-res is tan t component a re  non-spontaneous.
Single channel reco rd in g s  from  smooth muscle membrane of ra b b it  
p o rta l ve in  show two d iffe re n t Inca conductances; 273pS (K i-ch a n n e l), 
and 92pS (Ks-channel) (Inoue , K itam ura, and Kuriyam a, 1985), These  
channels are  analogous to the aforem entioned h igh  and low conductance  
channels (L a to rre , Coronado and V erg ara , 1984). Externallj»^ applied  
TEA* (O.lmM) blocked activa tio n  of the K i-c h a n n e l b u t not th a t o f the  
Ks-channel. In te rn a l TEA* app lication  was in e ffe c tiv e  in  b locking  
e ith e r channel. S tudies w ith  c u ltu red  ra t  muscle (B latz and M agleby,
1984) showed th a t h igh concentrations of e x te rn a lly  applied TEA* (1 0 - 
lOOmM) reduced the macroscopic and u n ita ry  c u rre n t (h igh  conductance) 
am plitudes of Ixca. In  muscle the TEA recep to r appears to be on the  
extern a l surface  of the membrane. Conversely Wong and Adler (1986) 
dem onstrated th a t I kcb from  excised clonal a n te r io r  p itu ita ry  cells  
had TEA* recep to rs  on the  in te rn a l and extern a l surface b u t Inca was 
more susceptib le to in te rn a lly  applied TEA*. In  the  lig h t of these  
diverse  fin d in g s  i t  seems th a t th e re  are  a t least two d iffe re n t types  
of iKca p resen t in  ceU membranes w hich d iffe r  w ith  respect to th e ir  
u n ita ry  conductances and pharm acological sen s itiv ities  to applied  
TEA*, the h igh  conductance channel being more sensitive  to ex te rn a lly  
applied TEA*.
T h e  f u n d a m e n t a l  r e q u i r e m e n t  f o r  iKca a c t iv a t io n  is  Ca2 + 
a v a i l a b i l i t y  t h e r e f o r e  p r o c e d u r e s  o r  d r u g s  w h ic h  a l t e r  i t s  
a v a ila b il i ty  w ill  in d ir e c t ly  a f fe c t  I kcb (s u m m a ris e d  in  T a b le  1 . 2 2 3
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1). In je c tio n  of EGTA (l-2 m M ) in to  the cytoplasm  has been shown to 
block iKca a c t iv a tio n  v ia  c h e la tio n  o f in t r a c e l lu la r  Ca^* b u t  does  
not p re v e n t the Ca** in flu x  (Connor, 1979; P itm an, 1979). Reduction  
of in tra c e llu la r Ca** would increase the d r iv in g  force  on extern a l 4
Ca** ions th e re b y  in creasin g  the  in w ard  Ca** c u rre n t. U nder c u r re n t -  
clam p c o n d itio n s  in t r a c e l lu la r  c h e la t io n  w ith  EGTA o r c i t r a t e  
electrodes increases the Ca** e n try  and, combined w ith  suppression of 
iKca, produces a calcium spike in  a p rev io u s ly  n o n -s p ik in g  id en tified  
insect motoneurone (Pitm an, 1979).
A se lec tio n  o f e x te rn a lly  a p p lie d  m e ta l c a t io n s  co m p ete  w ith  
Ca** a t b ind ing  sites and th e re b y  p re v e n t Ca** in flu x  (Oyama, A kaike,
K u rao ka , and  N is h i, 1986). The p o ly v a le n t  c a t io n s  h a v e  a h ig h  
b ind ing  a ff in ity  b u t a re la tiv e ly  low m obility  and th e re fo re  block 
the Ca channel (Hagiw ara and B y e rly , 1981). A lthough th e re  is some 
varia tio n  between p rep ara tio n s  the  ra n k  potency of the  p o lyva len t 
cations (in  the mM ran g e) is usually  as follows (Hagiw ara and B y erly ,
1983):
La**> Cd**> Co**> Ni*+> Mn**> Mg**
At concentrations used experim enta lly , how ever, the cations may have  
additional e ffec ts  upon the  cell membrane such as m odification of the  
cell surface charge and th e re b y  in te rfe re n c e  w ith  recep to r b ind ing  
(Oyama et aL, 1986).
A second c lass o f b lo c k e rs , th e  o rg a n ic  b lo c k e r s , a re  m ore  
s p ec ific  fo r  c e r ta in  Ica in  th e  m ic ro m o la r ra n g e  (H a g iw a ra  an d  
B y e r ly ,  1 9 8 3 ) .  T h e  p h e n y la lk y la m in e s ,  e .g .  v e r a p a m i l ,  a n d  
benzothiazepines, e .g . d iltiazem , a re  somewhat less p o ten t than  the  
d ih y d ro p y r id in e s , e .g . n ife d ip in e  a n d  n i t r e n d ip in e  (M i l le r ,  1 9 8 5 ). 
N itren d ip in e  is n ifed ip in e  w ith  a n itro  group moved to the 3 position  
and one m e th y l e s te r  c o n v e rte d  to  an  e th y l  e s te r  (H il le ,  1 9 8 4 ).
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C inarizine  and Fend iline  are  members of the d iphenyla lky lam ine group  
(Gola and Ducreux, 1985). The phenyla lkylam ines and d ih y d ro p yrid in e s  
a re  used c lin ic a lly  in  th e  tre a tm e n t o f s u p r a v e n t r ic u la r  c a rd ia c  
arrh yth m ias  and angina pectoris  (F leckenstein , 1977).
The phenyla lkylam ines such as verapam il (also known as D365, 
ip ro v e ra til and isoptin ) and D600 (also known as m ethoxyverapam il) 
suppressed an inw ard  Ca** c u rre n t and increased the  in activa tio n  of a 
delayed outw ard  c u rre n t in  Helix  neurones (K ostyuk, K rish ta l, and 
Doroshenko, 1975). Th ey  also suppress the outw ard  c u rre n t id en tified  
as iKca in  the same p re p ara tio n  (Meech and Standen, 1974; 1975).
V c e lls  a r e  f a s t  a d a p t in g  H e l ix  n e u r o n e s  w ith  a l a r g e ,  ^
o v e rs h o o tin g , lo n g -d u ra t io n  a c tio n  p o te n t ia l .  Gola a n d  D u c re u x
(1985) have re p o r te d  th a t  a t  low c o n c e n tra t io n s  (1 0 -5 0 u M ) th e  
phenylalkylam ines and benzothiazepines prolong the V -c e ll action  
potentia l d u ra tio n  w ith o u t b locking the Ca c u rre n t u n d e rly in g  the  
u p stro ke  of the spike and, u n d er vo ltage-c lam p, reduce the  outw ard  
c u rre n t w ithout a lte r in g  the in w ard  Ca** c u rre n t. In  th is  system  
these S lockers, a t low concentrations, have a d ire c t e ffe c t on the  
iKca channel which is not secondary to the suppression o f Ica. At 
high concentrations (0.5-1.0juM) the  spike was re v e rs ib ly  abolished  
in d ica tin g  even tu a l blockade o f Ica. D600 was the most e ffe c tive  
channel b locker in  th is  system w hile n ifed ip in e  and c in ariz in e  (10 - 
lOOuM) had no detectab le  b locking e ffec t.
Studies using  [*H] n itre n d ip in e  and [*H] desm ethoxyverapam il 
have shown th a t the  d ih y d ro p y rid in e  b ind ing  site  on the  calcium  
channel is separate from  the  p he n y  la lk  y  lamine and benzothiazapine  
b in d in g  s ite  (M il le r ,  1 9 8 5 ).
A nticonvulsant concentrations (mM range) of b a rb itu ra te s  caused 
b ro a d e n in g  o f th e  a c tio n  p o te n t ia l in  le e c h  R e tz iu s  n e u ro n e s  
(K le in h au s  and P r itc h a r d , 1977a) an d  le e c h  s e n s o ry  n e u ro n e s
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(K leinhaus and P ritc h a rd , 1977b). The authors  suggest th a t the  drugs  
in te r fe re  w ith  the rep o larisatio n  process by  b locking an inw ard  Ca** 
c u rre n t which would ac tiva te  a K* conductance. P en to b arb ita l and  
m e th o h e x ita l (O .l-l.O m M ) a lso  c a u s e d  b ro a d e n in g  o f th e  a c t io n  
p o te n tia l. H igh e x te rn a l Ca** r e v e r s e d  th is  e f fe c t  w h e re a s  low  
concentrations favo u red  the blockade. The d ru g  e ffe c t was g reatest 
in  cells which had a la rg e  Ca** conductance (Kleinhaus and P ritch a rd , 
1977b). The resu lts  w ere consistent w ith  a b a rb itu ra te  block of 
iKCa. M o re  r e c e n t  e v id e n c e  c o n f ir m s  t h a t  b a r b i t u r a t e s  b lo c k  
d iva len t cation e n try  in to  leech nociceptive neurones (Johansen and  
Kleinhaus, 1986). I t  seems th a t blockade of iKca b y  b a rb itu ra te s  is 
a secondary e ffe c t due to suppression of Ic a .
The suppression of Ixca  b y  the  d ru g s  so fa r  review ed has been an  
in d ir e c t  response  to th e  d ire c t  b lo c k a d e  o f Ic a  th e r e f o r e  m any  
compounds w hich specifica lly  block Ic a  w ill in  tu rn  block Ix c a . More 
re c e n t in te re s t  has focussed  on p a r t ic u la r  to x in s  e x t r a c te d  fro m  
anim al venom s w h ich  s p e c if ic a lly  b lo c k  In c a ,  n a m e ly  a p a m in  a n d  
charybdotoxin .
The best characterised  ty p e  of iKca is the slow conductance one 
responsib le fo r  the a fte r  h yp erp o la risa tio n  (AHP) th a t follows action  
p o te n tia ls  in  r a t  s k e le ta l m uscle c e lls  (H u g u e s , S c h m id , Rom ey, 
Duval, F re lin , and L azdunski, 1982). This channel is specifically  
blocked w ith  a h igh  a ff in ity  b y  a toxin called apamin (Lazdunsk i, 
1983; Romey, Hugues, Schm id-Antom archi and Lazdunski, 1984). In  
a d d itio n  a p a m in -s e n s it iv e  c h a n n e ls  h a v e  a lso  b e e n  r e p o r te d  in  
hepatocytes (Burgess, C la ret and Jenkinson, 1981), neuroblastom a  
cells (Hugues, Romey, Duval, V in cen t, Lazdunski, 1982), smooth muscle 
(Banks, Brown, Burgess, B urnstock, C laret, Cocks and Jenkinson, 1979) 
and r a t  pheochrom ocytom a ce lls  (S c h m id -A n to m a rc h i,  H u g u e s  an d
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L azdunski, 1986).
Apamin was f ir s t  ex trac ted  from  honeybee venom b y  Habermann (fo r  
a rev iew  see Habermann, 1972). I t  is a po lypeptide chain of 18 amino 
acids  w ith  two d is u lp h id e  b r id g e s  (see A p p e n d ix  I I I B  fo r  th e  
s tr u c tu r e ) .  S t r u c tu r e -a c t iv i t y  r e la t io n s h ip  s tu d ie s  in d ic a te  t h a t  
the two ad jacent a rgen ine  residues  a t positions 13 and 14 are an  
e s s e n tia l p a r t  o f th e  b in d in g  s ite  a n d  th e r e fo r e  o f to x in  a c t io n  
(Lazdunsk i, 1983). Romey and L azd u n ski (1984) established th a t the  
p rev io u s ly  rep o rted  BK channels in  r a t  m yotubules (Pallo tta , M agleby  
and B a r r e t t ,  1981) w h ich  a re  T E A * -s e n s it iv e  a re  in s e n s it iv e  to  
apamin. The ap am in -sensitive  macroscopic Isca c u rre n ts  w ere shown to 
be T E A *-in s e n s itiv e . T h e re  w e re , h o w e v e r , no s in g le  c h a n n e l  
re c o rd in g s  o f a p a m in -8 e n s it iv e /T E A * - in s e n s it iv e  c h a n n e ls  in  th is  
stu d y . Th ere  appears to co -ex is t two d is tin c t classes of Igca in  
the ra t  muscle p rep ara tio n  w hich exh ib it d if fe re n t sens itiv ities  to 
in te rn a l calcium between membrane potentia ls  o f -8 0  and -50m V. High  
in te rn a l calcium activa tes  the TE A *-sensitive  Inca and in h ib its  the  
apam in-sensitive  I kcb.  F u rth e rm o re , the apam in-sensitive  channel is 
more s e n s itiv e  to low c o n c e n tra tio n s  o f in t r a c e l lu la r  Ca** io n s . 
Romey and Lazdunski (1984) did not o ffe r  any explanation of w hy  
in te rn a l Ca** should block iKca. The in h ib itio n  o f Ikcb by in te rn a l
Ca**, h o w e v e r, may r e f le c t  th e  a c c u m u la tio n  o f Ca** a t  th e  in n e r  
m em brane s u rfa c e  p re v e n t in g  f u r t h e r  in c re a s e  in  th e  in w a rd  Ica 
(E c k e rt, T illo tson and Brehm , 1981). I t  is possible the  K channel 
m ay be d ir e c t ly  b lo cked  b y  a " th re s h o ld "  le v e l  o f in t e r n a l  Caz+, 
though th e re  is no evidence fo r  th is .
These fin d in g s  w ere confirm ed b y  more recen t studies on c u ltu red  
ske le ta l muscle w here single channel record ings  have shown a class of 
small conductance (10-14pS ) Isca channels (Ks channels) w hich a re  
ap am in -sensitive  and T E A *-in sen s itive  (B latz and M agleby, 1986). In
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addition , a t more n egative  membrane potentia ls  (-60  to -20m V), the Ks 
ch an n els  a re  m ore s e n s it iv e  to in t e r n a l  Ca** a n d  a re  th e r e fo r e  
activa ted  before BK channels. Apamin appears to be h ig h ly  specific  
fo r  a p a r t ic u la r  su b c lass  o f Inca. Rom ey an d  L a z d u n s k i (1 9 8 4 )  
suggest th a t the physio log ical ro le o f the low conductance apam in- 
s e n s itiv e  c h an n e l is  to p a r t ic ip a te  in  AHP, w h e re a s  th e  h ig h  
conductance TE A *-sensitive  channel may serve to p re v e n t prolonged  
depolarisations th a t would e levate  the  in te rn a l Ca** concentration.
A utorad iographs of i*si-apam in b ind ing  sites on ra t  b ra in  slices 
show s p ec ific  la b e llin g  o f d is c re te  a re a s  in  th e  c o r te x  (M o u r r e ,  
Schm id-Antom archi, Hugues, and L azdunski, 1984; M ourre , Hugues and  
Lazdunski, 1986). In  ad d itio n , th e re  exists an endogenous apam in- 
like  fac to r which has been isolated from  pig  b ra in  (Fosset, Schm id- 
A n to m arch i, H ugues, Rom ey, and  L a z d u n s k i,  1 9 8 4 ). T h is , so f a r  
u n characterised , pep tide  mimics the action of apamin, is s u ffic ie n tly  
s im ila r in  s tr u c tu r e  to  apam in  to  be re c o g n is e d  b y  a n t i -a p a m in  
a n tib o d ie s  and , l ik e  apam in , is  d e s t ro y e d  b y  t r y p s in  a n d  n o t  
chym otrypsin . The physio logical ro le  o f th is  apam in-like  fa c to r is  
speculative. N everthe less , b locking  a component o f repo larisation  
may a lte r  the  action p o ten tia l shape o r increase the  spike fre q u e n cy . 
P e r h a p s  th e  f a c t o r  is  r e le a s e d  fro m  n e r v e  te r m in a ls  as  a 
n e u ro m o d u la to r. W h a te v e r its  r o le ,  th e  fa c to r  is  l ik e ly  to  be  
p resen t in  o th e r species in c lu d in g  man.
Myotonic m uscular d y s tro p h y  is a condition ch aracterised  b y  
m u s c le  s t i f f n e s s  a n d  h a m p e r e d  r e la x a t io n  a f t e r  v o l u n t a r y  
c o n t r a c t io n s .  T h is  is  a n  i n h e r i t e d  d is e a s e  w h ic h  r e s u l t s  in  
a ltera tio n s  in  the  muscle membrane ch arac te ris tics . Renaud e t aL
(1986) rep o rted  th a t muscle membranes from  a fflic te d  patien ts  possess 
apam in-sensitive  recep to rs  w hereas h ea lth y  sub jects  do not have the
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recep to r. The presence of an apam in-sensitive  iKca channel and a 
less n e g a tiv e  re s t in g  p o te n tia l r e s u l t  in  r e p e t i t iv e  b u r s t in g s  o f 
a c t iv i ty  w h ich  g iv e  th e  c o n d itio n  i ts  nam e (R e n a u d , D e s n u e lle ,  
Schm id-Antom archi, Hugues, S e rra tr ic e  and Lazdunski, 1986)
A nother toxin has been d iscovered which re v e rs ib ly  blocks the  
la rg e  BK Ixca c o n d u c tan ces  from  r a t  m uscle  tu b u le s  in s e r te d  in to  
p la n a r  p h o s p h o lip id  b ila y e rs  (M il le r ,  M o c z y d lo w s k i, L a to r r e  an d  
P h i l l ip s ,  1 9 8 5 ; A n d e r s o n ,  M a c K in n o n , S m ith  a n d  M i l l e r ,  1 9 8 8 ; 
MacKinnon and M ille r, 1988). Th is  toxin , charybdotoxin  (CTX), has 
been e x tra c te d  fro m  th e  venom  o f th e  Is r a e l i  s c o rp io n , L e iu r u s  
q u in q u e s tia tu s . A p p lic a tio n  o f a p am in  had  no e f f e c t  u p o n  th e s e  
BK channels confirm ing th a t CTX operates on a d if fe re n t class of 
iKCa. Anderson et aL (1988) dem onstrated th a t CTX binds to the open 
and closed c h an n e l in  a s im ple b im o le c u la r  r e a c t io n  an d  t h a t  
dissociation of CTX from  the  channel is enhanced by h igh  in te rn a l K* 
c o n c e n tra tio n s  d e p o la r is a tio n  (M a c K in n o n  an d  M i l le r ,  1 9 8 8 ). T h e  
resu lts  ind icated  th a t CTX p h ys ica lly  plugs the K channel from  the  
extern a l surface  of the  membrane (MacKinnon and M ille r, 1988). CTX 
has also been rep o rted  to block Igca in  b u llfro g  ganglion neurones  
(P ennefather and Goh, 1987).
The f r u i t  f l y  D ro s o p h ila  m e la n o g a s te r  has a g e n e t ic  d e fe c t  
ca lled  a "slow  po ke" (s lo ) m u ta n t. T h e  fa s t  c a lc iu m -d e p e n d e n t  
o u tw a rd  c u r r e n t  (p re v io u s ly  c a lle d  Iacü b y  S a lk o f f ,  1983a) is
com pletely abolished b y  these m utation. The slo m utant f l ig h t  muscles |
%
have prolonged Ca** spikes suggesting  a m ajor role fo r  ÏAcd in  muscle 
action p o ten tia l rep o larisa tio n  (G anetzky  and Wu, 1985).
A g roup  of molluscan neurones called "b u rs te r"  neurones a re  |
ch aracterised  b y  th e ir  p a tte rn  o f f ir in g . Such neurones generate  
endogenous b u rs ts  o f a c tio n  p o te n t ia ls  s e p a ra te d  b y  p e r io d s  o f  
quiescence in  which the  membrane becomes h yp erp o la rised  (Meech,
■â
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1979). The in te r b u r s t  h y p e r p o la r is a t io n  g iv e s  w ay  to  a s low  
depolarisation and an o th er tra in  o f action  poten tia ls . The mechanism |
u n d e rly in g  these b u rs ts  invo lves cyc lica l varia tio n s  in  in tra c e llu la r  
ion ised  calc ium  w h ich  a c t iv a te  an  o u tw a rd  c u r r e n t  c a r r ie d  b y  K*
(Meech and S tanden, 1975; Meech, 1979). The mechanism is th a t d u rin g  i
ra p id  ac tio n  p o te n tia ls , Ca** ions e n te r  th e  c e ll  a n d  a c c u m u la te .
This accum ulation has been m easured w ith  arsenazo I I I  (Thomas and  
Gorman, 1977; Gorman and Thomas, 1980a). A fte r  a s u ffic ien t rise  in  
i n t r a c e l l u l a r  C a ** , I k c b  is  a c t iv a t e d  w h ic h  c a u s e s  th e  s lo w  
h y p e rp o la r is a tio n  w h ich  in  tu r n  p r e v e n ts  f u r t h e r  Ca** e n t r y .  
I n t r a c e l l u l a r  C a** f a l l s ,  so r e d u c in g  I k c b  a n d  a l lo w in g
depolarisation leading to the next b u rs t o f action potentia ls . The
depen dence o f iKca u pon  in t r a c e l lu la r  Ca** r e n d e r s  th e  c h a n n e l  
susceptible to o th e r fac to rs  such as hormones or synaptic  m odulators 
which modify ce llu lar calcium metabolism (H ille, 1984).
In  summary, Inca has a sim ilar time course of activa tion  as I k
but req u ires  calcium fo r  its  ac tiva tio n . A t least two types of I kch 
h ave  been d is tin g u is h e d . The  f i r s t  is  a c t iv a te d  b y  in t r a c e l lu la r  
Ca**, and shows a r e la t iv e ly  slow  tim e  c o u rs e  a n d  is  th o u g h t  to  
u n d e rly  p o s t-a c tiv ity  AHP in  molluscan and v e rte b ra te  neurones. The  
second is activa ted  b y  Ca** crossing the membrane, shows a fa s te r  
tim e course  o f a c t iv a tio n  and  is  d e p re s s e d  b y  a c c u m u la tio n  o f  
i n t r a c e l l u l a r  C a ** . P r o c e d u r e s  o r  d r u g s  w h ic h  b lo c k  C a**  
a v a ila b il i ty  w ill  in d ir e c t ly  a f fe c t  Inca, w h e re a s  th e  a n im a l to x in s  
s p e c i f i c a l ly  b lo c k  tw o  s u b c la s s e s  o f  ÏKCa (s e e  T a b le  1 .2 2 3  1 ) .
S in g le  c h an n e l re c o rd in g s  also show  tw o  c h a n n e l s u b - ty p e s  w ith  
d iffe re n t k in etics  and pharm acological p ro files  (see Table 1.223 2).
The re la tionsh ip  betw een the  classes of macroscopic c u rren ts  and  
u n ita ry  channels is, how ever, u n c lear a t p resen t.
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TABLE 1.223 1
Pharmacological agents  w hich block Inca.
INORGANIC BLOCKERS 
M etal Cations 
References: 1, 2 & 3.
La3+>Cd2+>Co2+>Ni2+>Mn2+>Mg2+
ORGANIC BLOCKERS
Benzothiazepines
D ih yd ro p yrid in e
Phenylalkylam ines
D iphenylalkylam ines
References: 1, 2, 4 & 5.
TOXIN BLOCKERS 
Apamin 
References: 6, 7, 2 & 8.
Charybdotoxin  
References: 9, 10 & 11.
D ilt ia z e m
N ifed ip ine
N itren d ip in e
Verapam il
D600
C inariz ine
Fendiline
References:
1. Oyama, A kaike, K uraoka and N ishi, 1986.
2. Oyama and Kuraoka, 1986.
3. Hagiwara and B y e rly , 1983.
4. M ille r, 1985.
5. Gola and Ducreux, 1985.
6. Schm id-Antom archi, Renaud, Romey, Hugues, Schmid and Lazdunski, 
1985.
7. T rao re , Cognard, Potreau and Raymond, 1986.
8. B latz and M agleby, 1986a.
9. M ille r, M oczydlowski, L a to rre  and P h illips , 1985.
10. P enn efa ther and Goh, 1987.
11. Anderson, MacKinnon, Smith and M ille r, 1988.
TABLE 1.223 2
Pharm acological and e lectrophysio log ical ch arac te ris tics  o f the Kc: 
channel.
SMALL CONDUCTANCE References:
(10-20pS) 1,2,3 & 4.
Ks-channel 11.
A pam in-sensitive 12 & 13.
TEA+-insensitive 11,12,13 & :
no data  fo r  C T X -s e n s itiv ity
LARGE CONDUCTANCE References:
(100-200pS) 5,6,7,8 & 9.
KB-channel 10.
K t-channel 11.
A pam in-insensitive 14.
TEA^-sensitive 11 & 15.
C TX -sensitive 14,16 & 17
References:
1. Lux, Neher and M a rty , 1981.
2. Hermann and H artu n g , 1982a.
3. Hermann and H artu n g , 1982b.
4. H artu n g  and Herm ann, 1987.
5. M a rty , 1981.
6. Pallota, M agleby and B a rre t, 1981.
7. Wong, Lecar and A d ler, 1982.
8. Adams, Constant! and Brown, 1982.
9. Lam bert, C o ttre ll, P e ters , Green and Newton, 1984.
10. M a rty , 1983.
11. Inoue, K itam ura and K uriyam a, 1985.
12. Romey and Lazdunski, 1984.
13. B latz and M agleby, 1986a.
14. M ille r, M oczydlowski, L a to rre  and P h illips , 1985.
15. Deitm er and E ck e rt, 1985.
16. P en n efa th er and Goh, 1987,
17. Anderson, MacKinnon, Smith and M ille r, 1988.
1 .2 2 4  S low -outw ard ( I ksIow) .
A slow outw ard  c u rre n t (SOC) has been described in  A plysia  neurones  
w h ich  is  th o u g h t to re g u la te  f i r i n g  f r e q u e n c y  in  re s p o n s e  to  
prolonged stim ulation (Cote, Zbicz and Wilson, 1978), B arb itu ra te s  
at low concentrations (0 .0 5 -0 ,5mM) suppressed the  a b ility  of these  
A p ly s ia  n eu ro n es  to f i r e  in  re s p o n s e  to  p ro lo n g e d  d e p o la r is a t io n  
(Cote, Zbicz and Wilson, 1978), Once the cell had undergone rap id  
adaptation  it  could be made to spike b y  increasing  the  depo laris ing  
c u rre n t, in d ica tin g  th a t the spike mechanisms had not in activa ted . 
Voltage-clam p studies showed th a t p en to b arb ita l and p h én o b arb ita l 
induced a slow outw ard c u rre n t  w hich is activated  a t potentia ls  more 
negative  than -40mV and increased w ith  depolarisation . Low potassium  
s a lin e  enhanced  th e  e f fe c t  o f th e  b a r b i t u r a t e s .  A l te r in g  th e  
e x te rn a l K+ concentration in  the  presence of the b a rb itu ra te s  gave a 
+ 38m V s h i f t  in  SOC r e v e r s a l  p o t e n t i a l  f o r  a 1 0 - f o ld  c h a n g e .  
B arb itu ra tes  seem to enhance a slow outw ard  c u rre n t (SOC) which is a t 
least p a r t ly  responsible fo r  spike fre q u e n c y  adaptation. Th is  e ffe c t 
of b a rb itu ra te s  on the SOC contrasts  w ith  th e ir  blockade o f Inca in  
leech neurones (Kleinhaus and P r itc h a rd , 1977a; 1977b).
P h arm aco lo g ica lly  th e  slow o u tw a rd  c u r r e n t  is  u n l ik e  th o s e  
a lre a d y  rep o rted  in  molluscan neurones (Thompson, 1977). The net 
outw ard  and ta il c u rren ts  w ere  on ly  s lig h tly  reduced w ith  e x te rn a lly  
applied  4-AP w hile TEA+ a t h ig h  concentrations (lOOuM) almost halved  
th e  resp o n se  (H u g u e n a rd , Z b icz , L e w is , E v a n s  a n d  W ils o n , 1 9 8 5 ). 
B arium  (lOjuM) o r m u scarin e  (35aaM) h ad  no m e a s u re a b le  e f fe c t  
in d ica tin g  th a t th is  c u rre n t is u n like  th a t described b y  Brown and  
Adams (1980). Where m uscarine agonists tu rn  o ff an outw ard  c u rre n t  
called an M -c u rre n t. Cubain had no e ffe c t on the SOC suggesting  th a t 
the e lectrogen ic  pump is not in vo lved  in  th is  c u rre n t. E x tern a l Na+ 
and C l- m an ip u la tio n s  had no s ig n if ic a n t  e f fe c t .  R e d u c tio n  o f
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exte rn a l Ca2+ or C a-channel b lockers d id , how ever, reduce the SOC 
d u rin g  prolonged exposure though i t  is unclear w h eth er these effects  
are  secondary to non-spec ific  membrane destab ilisation  or an actual 
Ca2+ d e p en d en c y  (H u g u e n a rd  e t a L ,  1 9 8 5 ). T h e  m ito c h o n d r ia l  
u n c o u p l in g  a g e n t  DNP a n d  a n  i n h i b i t o r  o f  i n t r a c e l l u l a r  Ca2 + 
s e q u e s tra tio n , m e rs a ly l a c id , b o th  e le v a te d  in t r a c e l lu la r  Ca2+ a n d  
enhan ced  SOC. S u r p r is in g ly ,  in t r a c e l lu la r  EGTA in je c t io n  o n ly  
s lig h tly  reduced the SOC. An in flu x  o f Ca2+ is not necessary fo r  SOC 
activa tio n , b u t in tra c e llu la r  Ca2+ appears to exe rt some m odulatory  
role in  SOC activation . The SOC, how ever, is not id en tica l to the  
c la s s ic a l Inca o b s erv e d  a f te r  b r ie f  b u r s ts  o f a c t io n  p o te n t ia ls  in  
molluscan neurones (Meech and S tanden , 1974; 1975).
In  summary, the  SOC is a novel potassium c u rre n t which is 
enhanced  b y  low c o n c e n tra tio n s  o f b a r b i t u r a t e s  a n d  b lo c k e d  b y  
e xtern a lly  applied TEA*. Calcium channel b lockers also reduce the  
SOC and, though th is  c u rre n t is not dependent on Ca2+ e n try  into  the  
cell, in tra c e llu la r  Ca^+ may have a m odulatory e ffec t.
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1.225 Sodium -A ctiva ted  ( Ie n » )*
In  view  of p revious  w ork  dem onstrating the in flu x  of ions re g u la tin g  
channel conductances, re ce n t au thors  have rep o rted  the presence of a 
la te  sod ium -activated  potassium channel in  mammalian cardiac cells 
(Kam eyam a, K ake i, S ato , S h ib a s a k i, M a ts u d a  a n d  I r is a w a ,  1 9 8 4 ), 
c u ltu red  avian  neurones (Bader, Bernheim  and B ertran d , 1985), and  
cray fish  neurones (H artu n g , 1985). Single channel record ings  show 
th a t  th is  c h a n n e l has a la rg e  c o n d u c ta n c e  o f 220pS  a n d  c h a n n e l  
opening p ro b a b ility  is dependent upon the in te rn a l Na+ concentration  
and is u n a ffec ted  b y  in te rn a l Ca^* (Kameyama et al,, 1984). These 
observations w ere supported  by vo ltage-c lam p studies in  the c ra y fis h  
(H artung , 1985). The outw ard  c u rre n t was reduced i f  te trodotoxin  
(TTX) was p resen t e x te rn a lly  or in  Na+-free saline, b u t not when Li* 
was su b stitu ted  fo r  Na*. The potassium channel b lockers TEA* and 4 -  
AP also depressed the outw ard  c u rre n t (Bader et aL, 1985; H artu n g ,
1985 ).
Bader e t al. (1985) suggested th a t th is  channel can p ro b ab ly  be 
tr ig g e re d  by  sodium e n te rin g  the neurone d u rin g  a single action  
p o te n tia l i .e . o n ly  a sm all e le v a t io n  in  Na* is  n e c e s s a ry . T h e  
activation  of th is  conductance w ill th e re fo re  hasten the decay of the  
in w a rd  c u r r e n t .  I t s  fa s t  a c t iv a t io n  k in e t ic s  m ean t h a t  i t  can  
p artic ip a te  in  ra p id  rep o larisatio n  w hich may a ffe c t the  d u ra tio n  of 
th e  ac tio n  p o te n tia l.  E le v a tio n  o f in t e r n a l  sod ium  b y  a n y  o th e r  
means e .g . s o d iu m -m ed ia te d , e x c ita to r y  s y n a p t ic  e v e n ts , w i l l  a lso  
a ffe c t the e x c ita b ility  o f the  neurone. A lthough the  ch arac te ris tics  
o f iKNa th e o re t ic a lly  e n ab le  i t  to  p la y  a p h y s io lo g ic a l r o le ,  i ts  
role in  neuronal fu n c tio n  has not been e lucidated (H artu n g , 1985).
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1.226 A TP-R egulaton.
Channels contro lled b y  nucleotides a re  a re la tiv e ly  re ce n t d iscovery. 
The best ch aracterised  channel whose a c tiv ity  is contro lled  by ATP is 
a class of potassium channel. The b in d in g  of ATP to these channels  
induces channel closure (S ta n fie ld , 1987). Norma (1983) described  
fo r  th e  f i r s t  tim e th e  p re se n c e  o f A T P -d e p e n d e n t  K c h a n n e ls  in  
cardiac muscle. A TP -dependent channels were subsequently  found in  
skeletal muscle (S pruce, S tanden and S tan fie ld , 1985; 1987) and in  B - 
cells o f pancreatic  is lets  (A sh cro ft, H arrison  and A sh cro ft, 1984).
1.2261 C a rd iac  c e lls .
The A T P -d e p e n d e n t K c h an n e ls  in  c a rd ia c  m uscle  w e re  c lo sed  b y  
physio log ically  h igh concentrations (3-4mM) of the nucleotide p resen t 
d u rin g  the re s tin g  state (Norma, 1983). AMP had no e ffe c t on channel 
a c t iv i ty .  H ypox ia , low in t r a c e l lu la r  ATP an d  c y a n id e  t r e a tm e n t  
caused these K channels to open. In s u ffic ie n t blood flow  to the  
h eart, o therw ise known as card iac ischaemia, resu lts  in  the low ering  
of muscle metabolism and, b y  in fe ren ce , a reductio n  in  ATP levels. 
U n d er these conditions A T P -re g u la ted  channels co n trib u te  to the  
increase in  outw ard  c u rre n t and shorten ing  of the  card iac action  
p o ten tia l (Norma and Shibasaki, 1985),
1.2262 S ke le ta l muscle.
The skeletal muscle A T P -d ep en d en t K channels w ere also found to be 
v o lta g e -d e p e n d e n t, th e  open  s ta te  p r o b a b i l i t y  in c re a s in g  w ith  
d e p o la r is a tio n . The  s in g le -c h a n n e l c o n d u c ta n c e  w as 15pS in  
physiological K* concentrations (S tanden, S tanfie ld  and W ard, 1985). 
The b ind ing  of ATP to these channels and subsequent c losure did not 
re q u ire  h yd ro lys is  o f ATP to ADP. F u rth erm o re , the b in d in g  of ATP is  
in d e p e n d e n t o f Mgz+. N o n -h y d ro ly s a b le  A TP  a n a lo g u e s  su ch  as  
adenylylim idodiphosphate (AM P-PNP), w ere as e ffe c tive  as ATP in  
closing channels. In  ad d ition , ADP and AMP are  able to close the
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channel b u t are much less e ffe c tive  than ATP. Changing the adenosine  
base to g u an o s in e  (G TP ), in o s in e  ( IT P )  o r  x a n th o s in e  (X T P ) a lso  
resu lted  in  a much reduced  e fficacy . In te re s tin g ly , no s tru c tu ra l  
a ltera tio n s  to the  nucleotide base com pletely abolished its  a b ility  
to modulate channel a c t iv ity . The channel was blocked by in te rn a l  
and ex tern a l app lication  of TEA* (2mM) (S tanden, S tan fie ld  and W ard, 
1985; Spruce, S tanden and S tan fie ld , 1987).
The A TP -dependent channels a re  p resen t a t h igh d en sity  in  fro g  
skeletal muscle, a d en s ity  sim ilar to, o r h ig h er th an , th a t found fo r  
I k  channels (S pruce, S tanden and S tan fie ld , 1985; S tanden, S tan fie ld  
and W ard , 1985). I t  is  h ig h ly  u n l ik e ly  th a t  th is  p r e v a le n c e  is  
m e re ly  b io lo g ica l re d u n d a n c y  and  in s te a d  s u g g e s ts  an  im p o r ta n t  
physio logical ro le  fo r  th is  channel. U nder norm al conditions the  
in tra c e llu la r  ATP concentration  (5mM) is s u ffic ie n tly  h igh to close 
a ll the A TP -dependent channels. S pruce et al, (1987) suggested th a t  
these channels open d u rin g  prolonged muscle contractions to allow K* 
e fflu x  in  a manner th a t is re la ted  to en erg y  usage. However, K* is 
known to be a p o w erfu l vasod ila to r, which would lin k  increased blood 
flow  in muscle a rte rio les  w ith  increased en erg y  usage accom panying  
m uscular a c tiv ity  (S pruce, S tanden and S tan fie ld , 1987).
1.2263 Pancreatic  B -ce lls .
In  th e  e n d o c rin e  p a n c re a tic  B -c e lls , s t im u la t io n  w ith  g lu c o s e  o r  
g lycera ld eh yd e  evokes membrane depolarisation  due to closure o f A TP - 
d e p e n d e n t K* ch an n e ls  w h ich  r e s u lts  in  th e  re le a s e  o f in s u l in  
(A s h c ro ft, H a rr is o n  and  A s h c ro ft ,  1984; Cook an d  H a le s , 1984; 
Rorsman and T ru b e , 1985; M is ler, Falke, G illis and McDaniel, 1986; 
Petersen, F in d lay , S u zu k i and Dunne, 1986). A sh cro ft e t al, (1984) 
called these channels G channels because of th e ir  responsiveness to  
glucose. In  co n trast to the  A T P -sen s itive  K channels o f ske le ta l
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muscle (Spruce, S tanden and S tan fie ld , 1985), the 6 -c e ll K channels  
a r e  r e l a t i v e l y  in s e n s i t i v e  to  c h a n g e s  in  m e m b ra n e  p o t e n t ia l  
(P e te rs e n , F in d la y , S u z u k i and  D u n n e , 1986) an d  h a v e  a r e s t in g  
conductance of 60pS (T ru b e , Rorsman and O hno-Shosaku, 1986). The  
d ru g  tolbutam ine (O.lmM) induces hypoglyceam ia and has been shown to 
achieve th is  channel c losure and presum ably release of insu lin . The  
d ru g  d iazo x id e  (0.4m M ) in d u c es  h y p e rg ly c e a m ia  a n d  was a b le  to  
counteract the e ffe c t o f glucose or tolbutam ine by opening channels  
and th e re b y  p re v e n tin g  in su lin  release (T ru b e , Rorsman and Ohno- 
Shosaku, 1986). One possible fu n c tio n a l s ignificance is th a t the ATP  
generated d u rin g  g lycolysis  is responsib le fo r  channel closure. In  
the g lyco ly tic  p athw ay the tra n s fe r  of a phosphate group from  3 -  
phosphoglyceroyl phosphate to ADP to produce ATP is catalysed by the  
m em brane-bound enzym e phosphoglycerate  kinase (PGK). ATP generated  
from  th is  reaction  could act locally  a t the in n e r membrane surface to  
close the re s tin g  K* channel (P etersen, F in d lay , S u zu k i and Dunne,
1986 ).
The genera l concept is th a t an A TP -dependent K channel would  
fo rm  a l in k  b e tw een  th e  m etab o lic  s ta tu s  o f th e  c e ll  a n d  i ts  
p erm eability . This biochemical lin k  does not am plify  the e ffec t of 
ligand b ind ing . So fa r  th e re  have been no re p o rts  in  the lite ra tu re  
of A TP -dependent K channels o c cu rrin g  in  neuronal membranes.
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1.227 V o ltage-D ependent T ran sm itte r-M ed ia ted  Potassium C u rren ts .
C o n v e n tio n a lly  th e  o p e n in g  and  c lo s u re  o f r e c e p t o r - l in k e d  io n  
channels has been considered in d ependent of membrane voltage. Thus, 
from  Ohm*s law, the c u rre n t flow ing th ro u g h  such a channel w ill be 
d ire c tly  proportiona l to the d r iv in g  fo rce  on the  perm eant ions fo r a 
range  of membrane potentia ls  (see Eq. 1.125). In  some re c e p to r- 
lin ked  channels the c u rre n t flow ing th ro u g h  the membrane w ill now be 
in flu e n c e d  b y  th e  m em brane p o te n t ia l .  T h e s e  v o l ta g e -s e n s it iv e  
r e c e p to r - lin k e d  ion c h an n e ls  h a v e  b e en  fo u n d  in  a n u m b e r o f  
v e rte b ra te  and in v e rte b ra te  p rep ara tio n s . The fo llow ing section w ill 
focus on v o ltag e -d ep en d en t tra n s m itte r  mediated potassium c u rren ts  
(Table 1.227 1).
1.2271 G ill w ith d raw a l re fle x  o f A plyaia.
The g ill-w ith d ra w a l re fle x  o f the m arine mollusc A plysia  has been 
used to s tu d y  the ce llu la r basis o f behavioura l sensitisation. The  
siphon is a tu b u la r extension of the  o u te r mantle s ituated  on the  
d o rs a l s u rfa c e  o f th e  an im al a n d  th is  is  re s p o n s ib le  fo r  th e  
expulsion of seaw ater from  the  m antle c av ity . The g ill is located  
n e a r th e  d o rs a l s u rfa c e  u n d e rn e a th  th e  m a n tle  s h e lf ,  is  h ig h ly  
fo lded w ith  a rich  blood supp ly  and is responsib le fo r  the gaseous 
exchange between the  blood and fre s h  seawater (Kandel, 1979).
S e n s itis a tio n  is d e fin e d  as th e  p ro lo n g e d  e n h a n c e m e n t o f a 
behavioural response to one stim ulus as a re s u lt o f the p resenta tion  
of another stim ulus, ty p ic a lly  a noxious or novel one. In  th is  case 
tac tile  stim ulation of the siphon and consequent w ith d raw a l of the  
g ill undergoes prolonged sensitisation  fo llow ing a s trong  stim ulus to 
th e  head (K le in  and K an d e l, 1978; 1 9 8 0 ). S e n s it is a t io n  c o u ld  be  
achieved b y  stim ulating  the a p p ro p ria te  n e rve  pathw ay from  the head. 
N e rve s  from  th e  s e n s itis a tio n  p a th w a y  th e n  s y n a p s e  o n to  th e  
p resyn ap tic  term inals o f the siphon sensory neurones.
44
The ce llu la r mechanism is a pro longed increase in  tra n s m itte r  
re le a s e  from  th e  p re s y n a p tic  te rm in a ls  o f th e  s e n s o ry  n e u ro n e s  
in n e rv a t in g  th e  s ip hon  i.e . p r e s y n a p t ic  f a c i l i t a t io n .  A p p lie d  5 -  
h y d ro xy tryp tam in e  (5-H T  or serotonin) mimicked stim ulation of th is  
pathw ay and prolonged the d u ra tio n  o f the action poten tia l recorded  
in  the  cell body. I t  was in it ia lly  th o u g h t th a t Ca^* was the c u rre n t  
c a rr ie r  in  th is  system (K lein and Kandel, 1978) b u t vo ltage-c lam p  
studies have dem onstrated th a t a conductance decrease in  potassium  
o c c u r s  (K le in  a n d  K a n d e l,  1 9 8 0 ) .  T h is  e f f e c t i v e l y  d e la y s  
rep o larisatio n  and so prolongs the  inw ard  calcium c u rre n t th e re b y  
enhancing tra n s m itte r re lease. The sero to n in -sen s itive  c u rre n t was 
term ed Is or 8 -c u rre n t .
F u r th e r  s in g le  c h a n n e l s tu d ie s  on th e s e  5 - H T - s e n s it iv e  K 
channels have id en tified  a novel K channel which shares many of the  
fea tu re s  of the macroscopic Is (Siegelbaum , Camardo and Kandel, 1982 
; Siegelbaum , B e lard e tti, Camardo and S huster, 1986). This channel 
is activa ted  a t the re s tin g  p o ten tia l o f A plysia  sensory neurones, 
i t s  a c t i v i t y  is  o n ly  m o d e r a t e ly  v o l t a g e - d e p e n d e n t  a n d  i t  is  
in s e n s it iv e  to chang es in  in t r a c e l lu la r  Ca^*. A p p lic a t io n  o f 5 -H T  
caused a dose-dependent increase in  the cell in p u t resistance and a 
red u ctio n  in  the num ber o f ac tive  channels. The tra n s m itte r appears  
to cause the in d iv id u a l channels to close fo r prolonged times in  an  
a ll -o r -n o th in g  m an n er. In  a d d it io n  5 -H T  d e c re a s e d  th e  c h a n n e l  
a c t iv ity  when i t  was app lied  outside the in  s itu  patch. C onsidering  
th e  h ig h  re s is ta n c e  p ip e tte -m e m b ra n e  sea l th is  s u g g e s ts  th e  
in v o lv e m e n t  o f  a s e c o n d  m e s s e n g e r .  T h is  w as  c o n f ir m e d  b y  
in tra c e llu la r  in jec tio n  of cAMP w hich decreased channel a c tiv ity  in  a 
sim ilar way to 5-H T (S h u s te r, Camardo, Siegelbaum and Kandel, 1985).
Recent investigations  have shown th a t the pep tide  P h e -M e t-A rg -
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Pheamide (FMRFamide) contro ls  the ga tin g  of the S -channel by  causing  
an increase in  the open channel p ro b a b ility  (B e lard etti, Kandel and  
Sieglebaum, 1987), Th is  is ach ieved v ia  a second messenger w hich is 
d is t ic t  from  cAMP (B e la rd e t t i  e t a L ,  1 9 8 7 ). T h e  h y p e r  p o la r is in g  
ac tio n  of FM RFam ide opposes th a t  o f 5 -H T  and  o f f e r s  a f u r t h e r  
m odulatory pathw ay fo r  th is  system.
The pharm acological p ro file  o f the  S channel is sim ilar to th a t /
of Is. Externa l app lication  o f TEA* (lOmM) produced a small bu t 
consistent decrease in  the s ingle channel c u rre n t am plitudes (S huster  
and Sieglebaum, 1987) and macroscopic c u rren ts  (K lein, Camardo and  
K an d el, 1982). E x te rn a l TEA* b lo c k a d e  is , h o w e v e r , m o d e ra te ly  
vo ltag e-d ependent (S ieglebaum , Camardo and Kandel, 1982). E xterna l 
application  of 4-AP, apamin o r Co^* had no e ffec t upon S channels in  
th is  p rep ara tio n  (Sieglebaum , Camardo and Kandel, 1982; S huster and  
Sieglebaum, 1987). Though e x te rn a l Co^* did reduce the m agnitude of 
the macroscopic S c u rre n t, th is  action was thoug ht to be due to Co^* 
in te re fe r in g  w ith  the b ind ing  o f 5-H T to the recep to r (K lein et aL,
1982).
In  summary, p resyn ap tic  fa c ilita tio n  is achieved by  5-H T closing  
a novel K channel on the p re -s y n a p tic  term inal, th e re b y  p ro long ing  
th e  in w a rd  Ca c u r r e n t  w h ich  in  t u r n  w o u ld  le a d  to  in c re a s e d  
tra n s m itte r release. In  the  in ta c t animal th is  mechanism resu lts  in  
fa c il i ta t io n  o f th e  s e n s it is a tio n  r e f le x  an d  is  th o u g h t  to  p r o v id e  
the  ce llu lar basis fo r  a simple form  of lea rn in g .
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1.2272 Frog sym pathetic  gang lion  cells.
B u llfro g  sym pathetic gang lia  a re  com prised of two d iffe re n t classes 
of neurone. These cells, term ed B and C, rece ive  d iffe re n t in p u ts  
and respond w ith d iffe re n t slow synaptic  potentia ls . Orthodrom ic  
s tim u la tio n  o f p re g a n g lio n ic  f ib r e s  e v o k e s  th r e e  s e p a ra te  p o s t  
synaptic  responses in  B cells; fa s t, slow and late-s low  exc ita to ry  
post synaptic  potentia ls  (epsps) (Adams, Jones, P en n efa th er, Brown,
Koch and Lancaster, 1986). In  co n trast to o th er epsps, the in p u t  
re s is ta n c e  was in c re a s e d  d u r in g  th e  slow  e p s p  in d ic a t iv e  o f a 
conductance decrease. H yp erp o la ris in g  c u rre n t reve rsed  the even t to 
a h yp erp o la ris in g  p o ten tia l (W eight and Votava, 1970). Fu rth erm o re , 
a p p lic a tio n  of m u scarin ic  a g o n is ts  p ro d u c e d  th e  s low  e p sp  an d  
increased the tendency tow ard re p e tit iv e  spike discharges (Kuba and 
Koketsu; 1976; W eight and Votava, 1970).
This m uscarine-sensitive  c u rre n t , o r M -c u rre n t ( I m ) ,  was fu r th e r  
in vestig a ted  u n d er vo ltage-c lam p (Brown and Adams, 1980; Brown, 
C onstanti and Adams, 1981; Adams, Brown, Constanti, 1982a; Akasu, 
G allagher, Kokestu and S h in n ick -G a llag h er, 1984). M channels are  
closed at membrane poten tia ls  more negative  than  -60m V. Between
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potentia ls  -6 0  and -lO m V, I m was activa ted  and produced a steady  
o u tw a rd  c u r r e n t  a n d , s ince  i t  d id  n o t show  a n y  t im e -d e p e n d e n t
in a c tiv a tio n , i t  c o n tr ib u te d  to  th e  r e s t in g  p o te n t ia l  w ith in  th is  
range (Adams, Brown and C onstanti, 1982a). The re v e rs a l p o ten tia l of 
the c u rre n t lay  between -7 0  and -lOOmV and gave a p red ic ted  N ernstian  
s h ift fo r  a te n -fo ld  change in  e x te rn a l K*, in d ica tin g  th a t potassium  
is the  m ajor charge c a r r ie r  (Brow n, Constanti and Adams, 1981).
M uscarinic agonists o r s yn a p tic a lly  released ACh tu rn  o ff  the M -  
c u rre n t to produce the  c h a ra c te ris tic  slow depolarisation  (Adams and  
Brown, 1982). The action of m uscarine was not poten tia ted  b y  TEA* 
(lOmM) or 4-AP (l-5m M ) (Brown and Adams, 1980) w hich are  known to
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block some K channels in  o th e r p rep ara tio n s . D ivalent cations known  
to block Ca2+ c u rren ts  had no b locking e ffec t on I m  (Adams, Brown and  
C onstanti, 1982b). The m uscarinic response can be com pletely blocked  
by lO-lOOnM atrop ine (Adams, Jones, P enn efa ther, Brown, Koch and  
L a n c a s te r , 1986). T h u s  th e  M - c u r r e n t  is  an  o u tw a rd  K* c u r r e n t  
activa ted  as the membrane p o ten tia l becomes depolarised. This would  
e ffe c tiv e ly  oppose depolarisations and act as a "gain contro l" fo r  
o th er synaptic  inpu ts . T h a t is, d u rin g  depolarisation an opposing  
o utw ard  c u rre n t would reduce  neuronal exc ita b ility  and lim it the  
f ir in g  freq u en cy  of the neurone.
O rth o d ro m ic  s tim u la tio n  o f p re g a n g lio n ic  f ib r e s  e l ic i ts  th r e e  
separate p o s t-syn ap tic  responses in  C cells : fa s t epsp, fa s t ipsp  
and a late slow epsp (Adams e t aL, 1986). An LHRH -like peptide  has 
been rep o rted  to be released from  pregang lion ic  C fib re s  in  the fro g  
(Jan, Jan and K u ffle r, 1979). LH R H -like im m unoreactiv ity  is confined  
to the spinal pathw ays w hich, when stim ulated, produce late  slow 
e p s p s . M o re  r e c e n t  in v e s t ig a t io n s  h a v e  c o n f ir m e d  t h a t  th e  
pregang lion ic  fib re s  synapsing  onto the C cell co-release LH RH -like  
peptide  w ith  ACh. In  th is  system LH R H -like peptide  has two separate  
e ffec ts . R epetitive  stim ulation of the  C axons caused a late slow 
epsp in  B cells, a lthough i t  is somewhat slower in  B cells than  0  
cells (Jan and Jan, 1982). The B cell response is mediated by the  
LH R H -like peptide w hich d iffu ses  in  the extraceU ular space from  C 
a x o n s  to  p r o x im a l B c e l ls ,  w h e r e u p o n  th e  L H R H - l ik e  p e p t id e  
selective ly  depresses I m  and th e  I a h p  (Jan and Jan, 1982). In  the B 
ce lls  th e re  a re  two d is t in c t  ty p e s  o f c a lc iu m -a c t iv a te d  p o ta s s iu m  
c u rre n t (P ennefather, Lancaster, Adams and Nicoll, 1985). The f i r s t  
is a ra p id  v o lta g e -d e p e n d e n t Ikcb w h ic h  c an  be b lo c k e d  b y  CTX  
(P e n n e fa th e r  and Goh, 1987 ). T h e  seco n d  is  te rm e d  I a h p ,  a n d
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u n d erlies  the late  slow epsp (Brow n, C onstanti and Adams, 1981) and  
can be p a rtia lly  blocked b y  apamin (Adams et aL, 1986).
The m uscarinic and p ep tid e rg ic  responses recorded from  the same 
B cell have a sim ilar vo ltag e-d ep en d en cy  and conductance decrease. 
A ctivation  of these two d iffe re n t recep to rs  are  th o u g h t to co n tro l 
shared ionic mechanisms in  sym pathetic  ganglion cells (K u ffle r and  
Sejnow ski, 1983). U nder physio log ical conditions the I m  and I a h p  act 
s y n e rg is t ic a lly  to p re v e n t  r e p e t i t iv e  f i r in g  d u r in g  m a in ta in e d  
stim uli (Adams et aL, 1986).
In  summary, the M -c u rre n t is an outw ard  K* c u rre n t activa ted  as 
the membrane po ten tia l becomes more depolarised. M uscarinic agonists  
or synaptica lly  released ACh tu rn  o ff  the c u r r re n t  re su ltin g  in  a 
slow depolarisation .
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1.2273 Molluscan P eptide FMRFamide.
C o ttre ll (1982) rep o rted  th a t the  molluscan peptide FMRFamide (P h e - 
M et-A rg-P he-N H a) has opposing dual e ffec ts  on Helix  neurones w hich  
a re  d e p e n d e n t upon m em brane v o lta g e . A t th e  r e s t in g  p o te n t ia l  
application  of the peptide h yp erp o la rised  the cell. The m agnitude of 
h y p e r po larisation  increased w hen e x te rn a l K* was lowered b u t rem ained  
unaffec ted  b y  a ltera tions  in  Cl- concentration . This outw ard  c u rre n t  
was reduced , b u t not com pletely abolished, by  ex tern a l TEA* (lOOmM). 
The re s u lts  in d ic a te d  th a t  th e  h y p e r p o la r is a t io n  w as d u e  to  an  
increase in  K conductance w hich had the p ro p erties  of I k .
A t p o te n tia ls  more p o s itiv e  th a n  th e  r e s t in g  p o te n t ia l ,  th e  
p e p tid e  e lic ite d  an a p p a re n t in w a rd  c u r r e n t  w h ic h  in c re a s e d  in  
m agnitude as the cell was depolarised . S u b stitu tio n  of Ca^* w ith  
Co2* or Ba2+ re v e rs ib ly  abolished the response, w hile in tra c e llu la r  
ionophoresis of Ca^* augm ented the response. The resu lts  im plied an  
in d ire c t ro le  of Ca^*. The a p p are n t in w ard  c u rre n t a t re la tiv e ly  
d e p o la ris e d  p o te n tia ls  cou ld  r e s u l t  fro m  th e  s u p p re s s io n  o f a 
calc ium -activated  potassium c u rre n t (C o ttre ll, 1982; C o ttre ll, Davis  
and G reen , 1984). S u b s e q u e n t in v e s t ig a t io n s  h a v e  show n s in g le  
c h an n e l c u r re n ts  w ith  th e  c h a r a c te r is t ic s  o f K c h a n n e ls  w h ic h  
appeared less fre q u e n tly  on FMRFamide application  (C o ttre ll and  
Green, 1984).
The p h y s io lo g ic a l s ig n if ic a n c e  o f th is  d u a l a c t io n  b y  one  
tra n s m itte r is not ye t known. I t  has, how ever, been suggested b y  
C o ttre ll (1982) th a t  th e  tw o  e f fe c ts  o c c u r  on d i f f e r e n t  a x o n a l  
processes and may re s u lt  in  s u p p re s s io n  a n d  p o te n t ia t io n  o f  
tra n s m itte r release.
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TABLE 1.227 1.
Voltage-D ependent T ra n sm itte r M ediated gg.
PREPARATION TRANSMITTER EFFECTS MECHANISM
Mammalian cortica l 
neurones.
References: 1
ACh (M) Excitation. Reduced gg
F rog  sym pathetic ACh (M) 
ganglia  cells.
LH R H -like
peptide .
References: 2, 3, & 4.
R epetitive
f ir in g .
L o n g -las tin g
epsp.
Reduced gg
G ill-w ith d raw a l
re flex .
5-H T
cAMP
FMRFamide 
References: 5, 6, 7 & 8.
S ensitization.
P re -s y n a p tic
fac ilita tio n .
Reduced gg 
Increased  gg
Snail neurones. FMRFamide
References: 9 & 10.
H yperpol. Increased  Ig
In w ard  c u rre n t. Decreased Igca
References:
1. K rn je v ic , Pumain and Renaud, 1971.
2. Kuba and Koketsu, 1976.
3. Brown and Adams, 1980.
4. Brown, Constanti and Adams, 1981.
5. Klein and Kandel, 1978.
6. Klein and Kandel, 1980.
7. Siegelbaum, Camardo and Kandel, 1982,
8. B e lard e tti, Kandel and Siegelbaum , 1987
9. C o ttre ll, 1982.
10. C o ttre ll, Davis and Green, 1984.
1.228 A n aes th e tic -ac tiva ted  potassium  c u rre n t ( I k(ab))*
A recen t re p o rt by  F ra n ks  and Lieb (1988) has id e n tified  a novel 
n e u ro n a l K* c u r r e n t  w h ich  was a c t iv a te d  b y  v o la t i le  a n a e s th e t ic s  
employed a t su rg ica l p a r tia l p ressures . One neurone in  the p a rie ta l 
g a n g lio n  o f th e  pond s n a il L ym n aea  s ta g n a l is  w as p a r t ic u la r ly  
sensitive  to anaesthetics and u n d erw en t la rg e  hyperpo larisations  
which suppressed its  norm al spontaneous a c tiv ity  in  the presence of 
the anaesthetic. The e ffe c t was reve rs ed  when the anaesthetic  was 
re m o v e d . D e s p ite  i d e n t i f y i n g  a n d  b lo c k in g  I a »  Ik  a n d  iKca, 
anaesthetics s till evoked a c u rre n t w hich reve rsed  around command 
potentia ls  o f -80mV and was in sen s itive  to ex tern a l ch loride  rem oval, 
A fo u r - fo ld  in c re a s e  in  e x te rn a l K+ g a v e  a s h i f t  in  r e v e r s a l  
poten tia l close to th a t p red ic ted  b y  the  N ernst equation and so the  
c u r r e n t  w as  te r m e d  I k ( a i i ) .  F u r t h e r m o r e ,  t h e r e  w as  a d i r e c t  
c o rre la tio n  b e tw een  th e  p re s e n c e  o f Ig(An) in  a n e u ro n e  a n d  th e  
a b ility  of anaesthetics to in h ib it  its  spontaneous a c tiv ity , in  th a t  
not a ll o f th e  sp o n ta n e o u s ly  a c t iv e  n e u ro n e s  w e re  s e n s it iv e  to  
anaesthetics.
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1.23 PROTON CURRENT (Im).
Protons are  not p ass ive ly  d is tr ib u te d  across the  cell membrane, the  
c yto p lasm  is m a in ta in e d  m ore a lk a l in e  th a n  one w o u ld  p r e d ic t  
according to the membrane p o ten tia l and equ ilib rium  p o ten tia l fo r  H*
(Thomas, 1977). Thomas and Meech (1982) ind icated  th a t H* m ight be a 
charge c a rr ie r  in  its  own r ig h t .  U sing Helix  neurones u n d e r v o ltag e - 
clam p, a v o lta g e -d e p e n d e n t o u tw a rd  H* c u r r e n t  w as o b s e rv e d  a t  
depolarised potentia ls . The H* c u rre n ts  w ere o r ig in a lly  considered  
" n o n -s p e c if ic "  in  th a t  th e y  flo w e d  th r o u g h  s e v e r a l  d i f f e r e n t  io n  
ch an n e ls . F u r th e r  in v e s t ig a t io n s  b y  M eech  an d  Thom as (1 9 8 7 )  
confirm ed the presence o f a vo ltag e -a c tiv a te d  H* c u rre n t. B y e rly  and 
Hagiwara (1982) also described a non-specific  outw ard  c u rre n t in  
perfused  Lymnaea neurones w hich has sim ilar ch arac te ris tics  to the  
c u rre n t described by  Thomas and Meech (1982). A more recen t s tu d y  by  
B y erly , Meech and Moody (1984) dem onstrated a un ique H* channel w hich  
is h ig h ly  selective fo r  protons in  Lymnaea  neurones. The outw ard  H* 
c u rre n ts  w ere reduced  b y  high in tra c e llu la r  pH, low ex trac e llu la r pH, 
e x te rn a l Cd^* and 4 -A P . B y e r ly  e t a l,  (1 9 8 4 ) , h o w e v e r , d id  n o t  
consider an OH- component. The p ro d u ct of pH and pOH must equal the  
n e g a t iv e  lo g  o f  th e  d is s o c ia t io n  c o n s t a n t  o f  w a t e r  i .e .  14 , J
th e re fo re  h y d ro xy l ions must be p resen t and should not be ignored . I
1
A H* c u rre n t has also been stud ied  in  the im m ature oocyte of the ;.|
. Iurodele am phibian Ambystoma (B arish and Baud, 1984). A t depolarised -j
p o te n tia ls  th e  H* c u r r e n t  c o n s t itu te d  th e  m a jo r  p o r t io n  o f th e  |
outw ard  c u rre n t. The c u rre n t reve rsed  around +10mV and an extern a l 
change in  pH betw een pH 6.9 and 8.4 u n its  produced a s h ift in  the  
re ve rs a l po ten tia l p re d ic te d  by  the  N ernst equation. TEA* had no 
e ffe c t upon th is  c u rre n t. The ac tiva tio n  and in a c tiv a tio n  k in etics  
of the c u rre n t each fo llow  a s ingle exponential tim e-course .
The p h y s io lo g ic a l s ig n if ic a n c e  o f th is  c h a n n e l in  m o llu s c a n
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n e u r o n e s  is  t h a t  i t  c o m p e n s a te s  f o r  th e  r a p id  i n t r a c e l l u l a r  
a c id if ic a t io n  g e n e ra te d  b y  t ra in s  o f a c t io n  p o te n t ia ls .  In f lu x  o f  
Ca2* d u r in g  a c tio n  p o te n tia ls  p ro d u c e s  a lo c a l in c re a s e  in  f r e e  
in tra c e llu la r  Ca^* a t the cell membrane and is res to red  to re s tin g  
leve l by  Ca2+/H+ exchange a t in tra c e llu la r  sites (Ahmed and Connor,
1980), The s im ilarities  between the  molluscan H* c u rre n t and the  
more slowly develop ing H* c u rre n t o f v e rte b ra te  oocytes suggests  
th a t th is  may be a w id e ly  d is tr ib u te d  mechanism fo r in te rn a l pH 
reg u latio n  (Meech and Thomas, 1987).
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1.24 CHLORIDE CURRENTS.
In  m any an im al c e lls  c h lo r id e  is  d is t r ib u t e d  so t h a t  th e  c h lo r id e  
equilib rium  po ten tia l (Eci) is near th e  re s tin g  potentia l. Thus, in  
such cells the Cl channels w ill, like  K channels, oppose membrane 
depolarisations by allow ing a Cl" in flu x  in to  the cell.
Chloride channels can be d iv ided  in to  th ree  main categories: 
t r a n s m it te r -a c t iv a te d  s y n a p tic  C l c h a n n e ls , v o l ta g e -d e p e n d e n t  
chloride channels and io n -d ep en d en t channels. T ra n s m itte r-a c tiv a te d  
channels (in h ib ito ry  synapses mediated b y  gam m a-am inobutyric acid  
(GABA) and g lyc ine) w ill not be review ed . In s tead  emphasis w ill be 
placed upon the  o th e r two categories.
1,241 V o ltag e-d ep en d en t ch lo ride  c u rre n t (Iciv).
V o ltage-dependent ch loride  channels have been rep o rted  in  a v a r ie ty  
of ce lls  e .g . h ippocam pal p y ra m id a l c e lls  (M a d is o n , M a le n k a  a n d  
Nicoll, 1986), lum inal membrane of c u ltu red  pulm onary a lve lar cells  
(S chneider, Cook, Gage and Young, 1985), A plysia  neurones (C hesnoy- 
M a rch a is , 1983; C h e s n o y -M a rc h a is  a n d  E v a n s , 1 9 8 6 ), r a t  s u p e r io r  
cerv ica l ganglion cells (Selyanko, 1984) and Torpedo  e lectroplaque  
membranes (White and M ille r, 1979; 1981; Hanke and M ille r, 1983). To 
s tu d y  these c u rre n ts  in  iso lation i t  is necessary to block inw ard  
c u r re n ts  and  o u tw a rd  po tassium  c u r r e n t s  w ith  a p h a rm a c o lo g ic a l 
cockta il of channel b lockers.
Hippocampal p yram ida l cells contain a la rg e  vo ltag e -sen s itive  
chloride  c u rre n t (Iciv) th a t is tu rn e d  o ff b y  depolarisation . The  
c u r r e n t  is a c tiv e  a t r e s t in g  p o te n t ia l  a n d  can  be b lo c k e d  b y  
a c t iv a tio n  o f p ro te in  k in a s e  c b y  p h o rb o l e s te rs  (M a d is o n  e t a L ,
1986). Iciv is blocked b y  Cd^* (lOOuM), though th is  c u rre n t is not 
dependent upon Ca** in flu x  and p ers is ts  in  a Mg**, Co** or C a**-free  
EGTA saline (Selyanko, 1984; Madison e t al,, 1986).
When Cl" loaded  A p ly s ia  n e u ro n e s  a re  h y p e r  p o la r is e d  u n d e r
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voltage-c lam p fo r  30 seconds a slowly developing inw ard  c u rre n t  
appears w hich is ca rrie d  by Cl- leav in g  the  cell (C hesnoy-M archais,
1983). A maximum single channel conductance of 10-15pS has been  
measured w ith  a h a lf sub-conductance leve l (Chesnoy-M archais and  
Evans, 1986). The hippocam pal p yram id a l cell ch loride c u rre n t d iffe rs  
from  the Aplysia  c u rre n t in  th a t i t  does not re q u ire  in tra c e llu la r  
Cl“ loading in  o rd e r to be detected .
The e lec tric  m arine ra y  Torpedo c a lif  orn ica  is able to stun  p re y  
w ith  e le c t r i c a l  c u r r e n t  d e l iv e r e d  fro m  i t s  e le c t r o p la x  o r g a n .  
H is to lo g ic a lly , th e  e le c tro p la x  is  m o d ifie d  s k e le ta l  m u scle  t is s u e  
r ic h  in  ACh ( n ic o t in ic )  r e c e p t o r s .  In  a d d i t io n ,  s tu d ie s  w ith  
reco n stitu ted  membrane vesicles in serted  in to  p lanar lip id  b ilayers  
have dem onstrated a vo ltag e -d ep en d en t C l-se lec tive  channel (White and  
M ille r ,  1979; M ille r  and  W h ite , 1 9 8 0 ). T h e  c h a n n e ls  a re  b lo c k e d  
a s y m m e t r ic a l ly  b y  s t i lb e n e  d e r iv a t i v e s  e .g .  4 -a c e  t a m id o - 4 -  
iso th io cyan o stilb en e-2 ,2 '-d isu lp h o n ic  acid (S ITS ) such th a t the cis 
o rien tation  (the side o f the b ila y e r to which membrane vesicles are  
ad d ed ) is s u s c e p tib le  to b lo c ka d e  (W h ite  an d  M i l le r ,  1 9 7 9 ). In  
Torpedo, s in g le  c h an n e l c o n d u c ta n c e  is 30pS a n d  th e  o p e n  s ta te  
consists of rap id  excursions in to  th re e  w ell defined sub-conductance  
states; U (20pS), M (lO pS) and D (OpS), The rap id  zero conductance  
state is d is tin c t from  the  long term  closed state. The p ro b a b ility  
of observ ing  the in d iv id u a l states is vo ltag e-d ep en d en t. Positive  
p o te n tia ls  fa v o u r  th e  U s ta te , w h e re a s  m ore n e g a t iv e  p o te n t ia ls  
fa v o u r M and D states a t the  expense of the U state (M ille r, 1982; 
Hanke and M iller, 1983).
Both A plysia  and Torpedo  Cl- channels a re  th o u g h t to exist as 
d im e r ic  c h a n n e ls  w i t h  a p a i r  o f  p r o t o c h a n n e ls  w h ic h  g a te  
in dependently  on a time course o f m illiseconds b u t a re  coupled b y  a
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slower gating  process g iv in g  rise  to 3 conductance states; closed,
h a lf-o p en  and open (C hesnoy-M archais  and Evans, 1986).
In  s k e le ta l m uscles a b o u t 65-85%  o f th e  r e s t in g  m em b ran e  
con d u ctan ce  is due to c h lo r id e  io n s  (H o g k in  a n d  H o ro w ic z , 1 9 5 9 ). 
This  larg e  res tin g  Cl- conductance stabilises the re s tin g  membrane 
potentia l. B latz and M agleby (1983; 1985) have observed th re e  Cl- 
s e le c tiv e  ch an n els  in  c u ltu re d  r a t  m uscle  c e lls . T h e  C l- c h a n n e l  
w ith  the la rg es t conductance (430pS in  sym m etrical 143mM KOI) is
closed at the res tin g  membrane p o ten tia l and thus does not c o n trib u te  
to the  res tin g  conductance b u t is activa ted  by  depolarisations up  to 
OmV. The o th er two channels, how ever, have smaller conductances and  
qu ite  d iffe re n t k in etic  p ro p e rties . One channel has fa s t k in etics ,
closing w ith in  1ms a fte r  opening, w hile  the o ther has slower k in etics  
closing w ith in  lOras a fte r  opening. The Cl- w ith  the fa s t k inetics
has been shown to be ac tive  a t the re s tin g  potentia l and co n trib u tes  
to the  res tin g  conductance (B latz and M agleby, 1985; 1986b). The 
fa s t  c h an n e l has th re e  modes o f a c t iv i t y :  in a c t iv a te d ,  b u z z  an d  
normal. In  the normal mode the channel en ters  two open and fiv e  
closed s ta te s . The b u zz  mode o c c u rs  les s  f r e q u e n t ly  a n d  is  
characterised  by a p a ir o f b r ie f  d u ra tio n  open and shut states. Even  
less  f r e q u e n t ly ,  th e  c h a n n e l can a ls o  e n te r  th e  in a c t iv a te d  mode  
w h e re  i t  can close fo r  e x te n d e d  p e r io d s  o f tim e  i .e .  s ec o n d s  to  
m in u tes . D u rin g  th e  th re e  p o s s ib le  o p e n  s ta te s  th e  c h a n n e l  
conductance is sim ilar (B latz and M agleby, 1986b).
In  summary, Ic iv  channels show h e terogene ity  in  th a t th e y  can be 
activa ted  by  h yp erp o la ris in g  o r depo laris in g  command steps depending  
on th e  p re p a ra tio n . Some c h a n n e ls  m ay e x h ib i t  s e v e r a l  s u b ­
conductance states w hich may them selves be vo ltag e-d ep en d en t.
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1.242 C alcium -dependent (Icica).
In  ad d itio n  to the calc ium -dependent potassium p erm eab ility  f ir s t  
d e s c rib e d  in  e ry th ro c y te s  b y  G ârd o s  (1 9 5 8 ) , c a lc iu m -d e p e n d e n t  
ch loride  c u rre n ts  have been described  in  a num ber o f p rep ara tio n s  
e.g. Xenopus  oocytes (B arish , 1983; M iledi and P ark e r, 1984), ro d en t 
lacrim al acinar cells (M arty , Tan and Trautm ann, 1984; F in d lay  and  
P etersen , 1985) and c u ltu re d  ra t  sensory neurones (M ayer, 1985). 
D e p o la ris a tio n  t r ig g e r s  Ca** e n t r y  w h ic h  a c t iv a te s  th e  c h lo r id e  
channel to b rin g  about increased perm eab ility  to Cl“.
The surface membrane o f m ature o varian  oocytes of Xenopus lae ris  , 
possess a t ra n s ie n t  o u tw a rd  c h lo r id e  c u r r e n t ,  i .e .  a Cl~ in f lu x ,  
d u rin g  depolarisations from  -7 0  or -80m V to potentia ls  more positive  
th a n  -2 0 m V  ( B a r is h ,  1 9 8 3 ) .  T h e  c u r r e n t  is  o u tw a r d  d u r in g  
depolarisation  because activa tio n  occurs a t potentia ls  more positive  
than  the  ch loride eq u ilib riu m  p o ten tia l. Anion replacem ent of the  
e x te rn a l Cl- w ith  th e  im p erm e a n t m e th a n e s u p h o n a te  r e v e r s e d  th e  
outw ard  c u rre n t to an in w ard  c u rre n t. The re ve rs a l p o ten tia l fo r the  
c u rre n t gave a p red ic ted  N ern s tian  s h ift fo r  a change in  e x te rn a l Cl- 
. In c re a s in g  the ex tern a l Ca** concentration  increased the  tra n s ie n t  
o u tw a rd  c u r r e n t ,  w h ile  M g**, S r** o r  Ba** a b o lis h e d  th e  c u r r e n t .  
Thus the  tra n s ie n t outw ard  Cl- c u rre n t was dependent upon Ca** in flu x  
and was te rm ed  Icica (B a r is h , 1 9 8 3 ). F u r th e r m o r e ,  in t r a c e l lu la r  
in je c t io n  o f EGTA re d u c e d  o r a b o lis h e d  th e  c u r r e n t ,  w h e re a s  
in tra c e llu la r  in jec tio n  of Ca** evoked la rg e  outw ard  c u rre n ts  w hich  
re v e rs e d  close to  th e  c h lo r id e  e q u i l ib r iu m  p o te n t ia l  (M ile d i a n d  
P a rk e r, 1984).
W hole-cell vo ltage-c lam p reco rd in g s  of ra t  lacrim al ac in a r cells  
revea led  two types of c u rre n t induced by carbam ylcholine (M arty , Tan  
and T ra u tm a n n , 1984). A t low s t im u la t io n  le v e ls  th e  Inca (BK  
c h a n n e l) was s e le c tiv e ly  a c t iv a te d . M o re  in te n s e  s t im u la t io n  o r
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la rg e r  doses of carbam ylcholine (> IjiM ) produced an in w ard  c u rre n t at 
th e  re s t in g  p o te n tia l. T h is  re s p o n s e  is  m e d ia te d  b y  m u s c a r in ic  
recep to rs . An A C h-evoked c u rre n t w ith  sim ilar ch arac te ris tics  has 
been rep o rted  in  mouse lacrim al acinar cells (F in d lay  and P etersen, 
1985). The inw ard  c u rre n t was id en tified  as Cl" ions flow ing  th ro u g h  
s e le c t iv e  c h a n n e ls .  T h is  C l c u r r e n t  is  in w a r d  b e c a u s e  th e  
equ ilib rium  p o ten tia l fo r  Cl" ions is more positive  th an  the  re s tin g  
p o te n tia l and th e re fo re  Cl" io n s  flo w  o u t o f th e  c e ll  d u r in g  
depolarisations. Noise analysis  showed an u n u su a lly  small single  
channel conductance of l -2 p S  (sym m etrical NaCl solutions) w ith  a mean 
c h a n n e l  o p e n  t im e  o f  1 0 0 ~ 2 5 0 m s . R a is in g  th e  e x t e r n a l  C a**  
concentration  or using  the  Ca** lonophore A23187 evoked an inw ard  
c u rre n t (M arty , Tan and Trautm ann, 1984). High in tra c e llu la r  EGTA 
abolished the A C h-evoked Icica in  the  mouse p rep ara tio n  (F in d lay  and  
P etersen , 1985).
D ichter and Fischbach (1977) rep o rted  th a t c u ltu red  ch ick dorsal 
ro o t g a n g lio n  ce lls  (DRG) p ro d u c e d  a c t io n  p o te n t ia ls  fo llo w e d  b y  
lo n g -la s tin g  depolarisation  w hich was associated w ith  a conductance  
increase. L a te r vo ltage-c lam p studies by  Dunlap and Fischbach (1981) 
id e n t if ie d  a p e rs is te n t  in w a rd  t a i l  c u r r e n t  w h ic h  w as th o u g h t  to  
u n d e r ly  th e  a f te r -d e p o la r is a t io n . M a y e r  (1 9 8 5 ) r e p o r te d  t h a t  a 
depolaris ing  vo ltage pulse ac tiva ted  an inw ard  c u rre n t followed by  a 
slowly decaying in w ard  ta il c u rre n t in  a subpopulation of c u ltu red  
ra t  sensory neurones. The slow in w ard  ta il c u rre n t reve rs ed  around -  
lOmV in  normal saline and was re v e rs ib ly  blocked b y  Cd**, Co** or 
C a**-free  saline. Reducing the ex tern a l Cl" increased the c u rre n t  
a m p li t u d e .  T h e  a c t iv a t io n  k in e t ic s  o f  Icica o b e y  a s in g le  
exponential fu n ctio n  w ith  a time constant of 100ms a t -1 0  to 8mV 
w hereas short d u ra tio n  pulses (<60ms) produced a single exponential
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decay w hich hastened upon h yp erp o la risa tio n  and had a time constant 
of 200ms a t -60mV,
In  s u m m a ry , Icica is  a c t iv a t e d  b y  Ca i n f l u x  d u r in g  
depolarisation . This calcium -dependency of the  ch loride  c u rre n t,  
like  th a t o f Igca, re n d ers  i t  suscseptib le to procedures  which a ffe c t  
the in w ard  calcium c u rre n t. E ith e r com petatively b locking  Ca b ind ing  
s ites  w ith  e x te rn a l a p p lic a tio n  o f c e r ta in  d iv a le n t  c a t io n s  o r  
chelating  in tra c e llu la r Ca** abolishes the  c u rre n t. In c reas in g  the  
e x te rn a l Ca** c o n c e n tra tio n  o r a p p lic a t io n  o f th e  Ca io n o p h o re  
A23187 enhances Icica.
59
;
1.243 P ro to n -d ep en d en t ch lo rid e  c u rre n t (Icu ).
W hen  e x p o s e d  to  e x t e r n a l  a c id ic  s a l in e  (p H  5 .5  o r  lo w e r ) ,  
m otoneurones fro m  th e  je l ly f is h ,  C y a n ea  c a p i l la ta j  u n d e rg o  a 
t ra n s ie n t  d e p o la r is a tio n  a s s o c ia te d  w ith  a c o n d u c ta n c e  in c re a s e  
(Anderson and McKay, 1985). The am plitude and p o la rity  o f th is  
response depends upon the re s tin g  membrane poten tia l. A t the re s tin g  
p o ten tia l of -60m V a ty p ica l pH -evoked  depolarisation  o f 30-40mV was 
observed. The re v e rs a l p o ten tia l lies between -2 0  and -30m V i.e. 
a ro u n d  Eci, s h if ts  +44mV fo r  a 1 0 - fo ld  c h a n g e  in  e x te r n a l  C l“ 
c o n c e n tra tio n  an d  is  u n a ffe c te d  b y  Na+ an d  K* m a n ip u la t io n s .  
F u rth erm o re , app lication  o f S ITS re v e rs ib ly  abolished the pH -evoked  
resp o n se . T h is  e v id e n c e  in d ic a te s  a p r o to n -d e p e n d e n t  c h lo r id e  
c u rre n t p resen t in  je lly fis h  motoneurones.
P ro to n -d ep en d en t ch lo ride  c u rre n ts  have also been re p o rte d  in  
muscle fib re s  o f am phibia (Loo, M cLarnon and Vaughan, 1980), modified  
muscle e lectrop laque (Hanke and M ille r, 1983) and c u ltu red  mammalian 
neurones (Groul, B a rke r, Huang, MacDonald and Smith, 1980).
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1.3 INDUCED EXCITABILITY.
1.31 In tro d u c tio n ,
The e lec tro g en ic lty  of a neurone is not fixed . Several w o rkers  have  
rep o rted  th a t the e lec trica l p ro p erties  of excitable membranes can be 
enhanced u n d er d iffe re n t experim ental conditions. These changes, 
how ever, are  not iden tica l.
The experim ental m anipulations can be subd ivided  in to  acute and
c h r o n ic  p r o c e d u r e s .  A c u te  p r o c e d u r e s  in v o lv e  th e  is o la te d
p rep ara tio n  and enhance e xc ita b ility  b y  a lte r in g  the  balance of the  
existing  membrane p ro p erties . For example, certa in  d rugs  are  know n  
to p re fe re n tia lly  block outw ard  c u rre n t channels and these can be 
used to unmask inw ard  c u rre n ts  flow ing th ro u g h  o th er unaffected  
ch an n els . In t r a c e l lu la r  io n o p h o re s is  o f c h e la t in g  a g e n ts  can  be  
em ployed to b lock  io n -g a te d  c h a n n e ls  a n d  in c re a s e  io n  g r a d ie n ts  
across the membrane th e re b y  enhancing exis ting  c u rre n ts .
Chronic procedures in vo lve  the in ta c t animal and re q u ire  the  
adm in istration  of a d ru g  or s u rg e ry  w ith  an ap p ro p ria te  re co very  
tim e. D u rin g  th is  p e rio d  th e  c e ll 's  m e tab o lism  is  c h a n g in g  in  
response  to  s t r u c tu r a l  o r m e ta b o lic  in s u lt  a n d  th e  e le c t r ic a l  
p ro p erties  o f the membrane are  consequently  .a lte red .
Experim ental changes in  membrane exc itab ility  have been observed  
in  v e rte b ra te s  and in v e rte b ra te s , some examples of which w ill be 
discussed in  the forthcom ing section.
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1.32 ACUTE CHANGES IN  E XC ITA B IL ITY .
1.321 Channel Blockade.
U nder normal physio log ical conditions most insect motoneurone cell 
bodies are  not invaded  b y  action potentia ls  (Pitm an, Tweedle and  
Cohen, 1972: Hoyle and B urrow s, 1973: Gwilliam and B urrow s, 1980). 
S low -graded membrane p o ten tia l flu c tu a tio n s  in  the o rd e r o f 7mV have  
been recorded in  the soma of the  fa s t coxal depressor motoneurone 
(term ed cell 28 b y  Cohen and Jack ie t (1967)) o f the cockroach in  
resp o n se  to  axona l s tim u la tio n . T h is  r e f le c ts  th e  a n t id ro m ic  
electrotonic  spread of action  potentia ls  generated  a t d istance from  
the soma (Pitm an, Tweedle and Cohen, 1972). When c u rre n t in tens ities  
of lOnA or more w ere in je c te d  th ro u g h  one of two m icroelectrodes, the  
membrane produced a series  of dampened oscillations, the  am plitude of 
w h ic h  in c r e a s e d  w it h  a p p l ie d  c u r r e n t  (P i tm a n ,  1 9 7 9 ) .  T h e s e  
oscillations may be in d ica tiv e  o f a ra p id  in activa tio n  mechanism fo r  
ions which c a rry  the in w ard  c u rre n t tog e th er w ith  a re la tiv e ly  la rg e  
rise in  a delayed ou tw ard  c u rre n t (Pitm an, 1979).
TEA* was o rig in a lly  dem onstrated to block the  delayed potassium  
conductance, I k ,  in  squid g ian t axon (Tasaki and H agiw ara, 1957) and 
la te r  shown to block I k  in  cockroach g ian t axons of the  v e n tra l n erve  
cord (Pichon, 1969). TEA* (50mM) had p rev io u s ly  been rep o rted  to 
unmask C a-dependent action  potentia ls  in  crustacean muscle (F a tt and  
Katz, 1953; F a tt and G insborg, 1958). E xtern a l application  of TEA+ 
to  o th e r  in s e c t p re p a ra tio n s  a f t e r  10 -  20m in s . p ro d u c e d  a l l - o r -  
noth ing  action potentia ls  upon in tra c e llu la r  depo larisation . Action  
potentia ls  of 8 -  20ms d u ra tio n  have been observed in  the locust 
(Goodman and H e it le r , 1979) a n d  u p  to  100ms d u r a t io n  in  th e  
cockroach  (P itm an , 1979). In  th e  lo c u s t  F E T i m o to n e u ro n e  som a, 
how ever, TEA+-induced action  potentia ls  w ere re v e rs ib ly  abolished by  
N a -fre e  saline, TTX (lO nM ), and Co2+ saline (10-30m M ). These resu lts
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àdem onstrate the  existence o f mono- and d iv a le n t cation channels in  4
the normal somal membrane of th is  locust neurone. This contrasts  
w ith  the cockroach p re p ara tio n  w here TEA* evoked Ca2+-dependent 
action potentia ls  in  w hich no Na component was detectable (Pitman,
1979).
The am inopyrid ines have p rev io u s ly  been re p o rte d  to block an 
e arly  tra n s ie n t potassium c u rre n t in  molluscan neurones (Thompson,
1977). In  th e  lo c u s t F E T i, a p p lic a tio n  o f 3 -a m in o p y r id in e  (3 -A P )
(2mM) evoked overshooting  action potentia ls  and appeared to a ffe c t  
some of the  potassium c u rre n t u n d e rly in g  the re s tin g  potentia l. This  
was observed as a slow depo larisation  lead ing to  spontaneous f ir in g  
of the cell (Goodman and H e itle r, 1979),
1.322 Io n  G rad ien t M anipulation .
In tra c e llu la r  in jec tio n  of c itra te  ions and EGTA also produced a ll-  
o r-n o th in g  action potentia ls  in  the  soma of cell 28 (Pitm an, 1979).
In  the cockroach the  in tra c e llu la r  c itra te , like  e x te rn a lly  applied  
TEA+, produced action poten tia ls  w hich w ere u n affec ted  by N a -fre e  
s a lin e  o r  T T X  (4 p M ) b u t  w e re  r e v e r s ib l y  a b o l is h e d  in  s a l in e  
containing Mn^* (40mM). This suggests an in w ard  calcium c u rre n t  
which en ters  the cell v ia  ex is ting  d iva len t cation channels (Pitman,
1979). C itra te  ions and  EGTA p re s u m a b ly  e x e r t  t h e i r  e f fe c ts  b y  
chelating in te rn a l calcium ions. This w ill increase the calcium ion 
c o n c e n tra tio n  g ra d ie n t  and  p r e v e n t  a c t iv a t io n  o f a n y  c a lc iu m -  
dependent outw ard  c u rre n t . The e ffec t th a t c itra te  ions and EGTA 
have upon membrane c u rre n ts  depends upon the exten t to which th ey  
lo w e r  i n t r a c e l l u l a r  c a lc iu m  c o n c e n t r a t io n .  In c r e a s in g  th e  
concentration g ra d ie n t alone was in s u ffic ie n t to produce a calcium  
spike because in creasing  the  ex te rn a l calcium concentration  did not 
induce a calcium spike (Pitm an, 1979).
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1.33 CHRONIC CHANGES IN  E XC ITA B IL ITY .
1.331 AXOTOMY AND COLCHICINE TREATMENT.
1,3311 Cat spinal motoneurones.
Axotomised cat spinal motoneurones undergo  classical chrom atolytic  
histological changes w hich a re  accompanied by  a lte ra tio n s  in  th e ir  
e lec trica l p ro p erties  (Eccles, L ib e t and Young, 1958; Kuno & Llinâs, 
1970a; 1970b). Recording from  the  cell body between 7 and 20 days  
post-axotom y, s p ik e -lik e  responses of up to lOmV w ere superimposed on 
m onosyn aptic  epsps. S p ike  in i t ia t io n  d id  n o t d e p e n d  u p o n  th e  
a m p litu d e  o f th e  u n d e r ly in g  e p s p s  a n d  c o u ld  n o t be b lo c k e d  b y  
h yp erp o la ris in g  the neurone somata. I t  was concluded th a t these  
p a r t ia l  sp ikes  w ere  a l l - o r -n o th in g  e v e n ts ,  o c c u r r in g  a t  d is c r e te  
areas  on th e  d e n d r ite s , w h ich  s e rv e d  to  in c re a s e  th e  s y n a p t ic  
efficacy  of the neurones u n d erg o in g  chrom atolysis (Kuno & Llinâs, 
1970a ).
Cat m otoneurones p ro je c t in g  to  m a in ly  f a s t - t w i t c h  m e d ia l 
g astro n em iu s  m uscles possess q u a n t i t a t iv e ly  d i f f e r e n t  p a s s iv e  
e le c tr ic a l p ro p e rt ie s  from  those o f m o to n e u ro n e s  in n e r v a t in g  th e  
s lo w -tw itc h  soleus m uscle. F o llo w in g  axo to m y th e s e  d is t in c t io n s  
d is a p p e a r as th e  fa s t  ( ty p e  F) m o to n e u ro n e  a p p e a rs  to  d e ­
d i f f e r e n t i a t e  a n d  b eco m e  l i k e  th e  s lo w  ( t y p e  S ) m o to n e u ro n e  
(Gustafsson and P in te r, 1984; Kuno, M iyata  and M un o z-M artin ez, 1974). 
In  comparison, the in p u t resis tance o f type  S motoneurones was not 
s ig n ific a n tly  changed fo llow ing axotomy. The e lec trica l changes w ere  
not observed a fte r  lum bosacral dorsal root section, w hich suggests  
th a t the changes a re  a d ire c t re s u lt of axotomy ra th e r  than  sensory  
d e p riva tio n  (Kuno, M iyata  and M u n o z-M artin ez, 1974).
F u r th e r  studies on cat sp inal motoneurones have shown th a t the  
norm al a c tiv ity  o f th e  in n e rv a te d  m usculature is im portan t fo r  the  
maintenance of the norm al fu n c tio n in g  of motoneurones (Czéh, Galle go,
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Kudo and Kuno, 1978). Thoracic  cord transection  or conduction block  
of the soleus nerve  b y  a TTX  c u ff a f te r  8 days, caused a s ig n ifican t 
decrease in  a fte r -h y p e r  po larisation  (AHP) o f the soleus motoneurones. 
These changes were p re ve n te d  b y  d a ily  stim ulation of the  sciatic  
n erve  or the soleus n e rve  more p e rip h e ra l to the conduction block. 
I t  was suggested th a t norm ally  in n e rv a te d  muscle may release tro p h ic  
signals which are re tro g ra d e ly  c a rr ie d  by the motoneurones to the  
cell body and are essential fo r  the  normal e lec trica l fu n tio n in g  of 
the cell (Czéh, Galle go. Kudo and Kuno, 1978).
The effects  of muscle im m obilisation upon soleus motoneurones  
was studied by Galle go, Kuno, Nùhez and S n ider, (1979). Two weeks  
a fte r  the soleus muscle was immobilised in  a shortened position the  
soleus motoneurones showed a s ig n ific a n t decrease in  the du ra tio n  of 
AHP. I f ,  how ever, the soleus muscle was maintained in  a lengthened  
position no s ig n ifican t neuronal changes occurred . F u rth erm o re , the  
decrease in  AHP a fte r  sp inal cord  transection  (Czeh et al., 1978) 
could also be s ig n ifican tly  p re ve n te d  by immobilising the  muscle in  
the lengthened  position. Galle go e t al. (1979) concluded th a t the  
p rim ary  fac to r responsible fo r  the  m aintenance of certa in  motoneurone 
p ro p erties  is the metabolic s ta tus  o f the  in n erva te d  muscle.
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1.3312 In s ec t Neurones.
Axotomy has also been shown to increase exc itab ility  in  insect CNS 
neurones w hich are  norm ally  inexcitab le . This was f ir s t  dem onstrated  
in  the cockroach, w ith  cell 28 (Pitm an, Tweedle and Cohen, 1972), and  
la te r  in  the locust w ith  the fa s t extensor tib iae (FETi) motoneurone  
(Goodman and H e it le r , 1979). F o u r  to  f iv e  d a y s  fo llo w in g  n e r v e  
section, the soma o f both these neurones produce action potentia ls  
which fre q u e n tly  overshoot zero.
Saline su b stitu tio n  w ith  both prepara tions  ind icated  th a t the  
inw ard  c u rre n t was p redom inantly  c a rried  by  sodium (Goodman and  
H e itle r , 1979; P itm an , T w eed le  a n d  C o h en , 1 9 7 2 ). In  th e  lo c u s t  
p rep ara tio n , i t  was dem onstrated th a t a lthough sodium was the m ajor 
inw ard  c u rre n t c a rr ie r  in  norm al saline, calcium was necessary fo r  
the soma spike when the  ex te rn a l sodium concentration was reduced b y  
50% (Goodman and H e itle r, 1979).
From the experim ents in v o lv in g  acu te ly  induced e xc ita b ility  (see 
Section 1.321), the soma o f the locust FETi has Na and Ca in w ard  
c u r r e n t  c a r r y in g  c h an n e ls  and  p o ta s s iu m  c h a n n e ls  w h ic h  w e re  
susceptible to 4-AP and TEA* (Goodman and H e itler, 1979) whereas, in  
the cockroach, the soma o f cell 28 has only  Ca channels and potassium  
channels which w ere susceptib le to TEA* alone (Pitm an, 1979). With  
both  p re p a ra tio n s  axotom y in d u c e d  a c t io n  p o te n t ia ls  w h ic h  w e re  
la rg e ly  N a-dependent, had a s h o rte r d u ra tio n  (ty p ic a lly  less th an  
lOms) and a la rg e r  a fte r  p o te n tia l th an  the action po ten tia l induced  
by TEA*.
A p a rtic u la r  g roup  of neurones situated  along the dorsal m idline  
surface of insect thoracic  gang lia  have somata w hich are  capable o f 
producing  overshooting  action  potentia ls . These neurones are  called  
d o rs a l u n p a ire d  m ed ia l (DU M ) c e lls  (H o y le , D a g a n , M o b e r ly  a n d  
Colquhoun, 1974). The la rg e s t o f these DUM cells (DUMETi) w hich
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in n e rv a te s  th e  e x ten s o r t ib ia e  (E T i)  m u s c le , w as s tu d ie d  in  th e  
locust (Goodman and H e itle r, 1979). I t  was established th a t, u nder  
normal circum stances, th e  DUMETi soma also has inw ard  Na and Ca 
ch an n e ls  re sp o n s ib le  fo r  th e  soma s p ik e . F o llo w in g  axo to m y an  
increase in  neuropile  e x c ita b ility  was observed and ex te rn a l Na alone 
c o u ld  s u p p o r t  th e  som a s p ik e .  T h e  i n t r i n s i c  d i f f e r e n c e s  in  
exc ita b ility  o f the n o n -s p ik in g  FE Ti and the  sp ik in g  DUMETi may 
re fle c t q u an tita tive  d iffe ren ces  in  potassium channels (Goodman and  
H e itle r, 1979). I f  th is  w ere the  case potassium channels may p lay  a 
m ajor ro le  in  determ in ing  membrane e xc itab ility .
Colchicine has been found to d is ru p t axoplasmic flow (Dahlstrom ,
1968) an d , in  in s e c ts , to  in d u c e  p e r in u c le a r  r ib o n u c le ic  a c id  
accum ula tion  (P itm an , T w eed le  an d  C o h en , 1972) c h a r a c te r is t ic  o f  
axotom ised in s e c t n e u ro n e s  (C ohen  an d  J a c k le t ,  1 9 6 7 ). In  th e s e  
respects colchicine may be considered to pharm acologically mimic 
s u rg ic a l axotom y. F o u r d ays  a f te r  t r e a tm e n t ,  c o lc h ic in e  t r e a te d  
anim als  e x h ib it  a s im ila r in c re a s e  in  e x c i t a b i l i t y  to  in t r a c e l lu la r  
d e p o la r iz a tio n  (P itm an , T w e ed le  a n d  C o h en , 1972; P itm a n , 1975;
Goodman and H e itler, 1979). As fo r  axotomy the m ajor inw ard  c u rre n t  
c a rry in g  ion in  both p rep ara tio n s  was shown to be sodium, w ith  some 
calcium co n trib u tio n  in  the  locust p rep ara tio n ..
The ionic basis u n d e rly in g  the  axotomy and colchicine enhanced  
e x c i t a b i l i t y  w as  c le a r ly  d i f f e r e n t  f ro m  t h a t  s e e n  w i th  a c u te  
treatm ents  in d ica tin g  th a t the  mechanism o f chron ica lly  enhanced  
exc itab ility  was not a s tra ig h tfo rw a rd  suppression of an outw ard  
potassium c u rre n t (P itm an, 1975; 1979; Goodman and H e itle r, 1979). ‘
The u n d e rly in g  mechanism fo r  axotomy may be an increased inw ard  Na 
c u rre n t due to de novo  synthesis  a n d /o r  in sertio n  o f Na channels in to  
the somal membrane w hich may have been destined fo r  o th er regions of ^
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the  neurone b u t a re  unable  to ge t th e re  because o f the severed axon 
(Weins and Atwood, 1982), The in ta c t axon would norm ally constitu te  
a "s in k "  fo r  th e  n e w ly  s y n th e s is e d  c h a n n e ls  as th e y  w o u ld  be  
continuously tra n s p o rte d  away from  the site of synthesis  in  the  cell 
body. The th e o ry  o f de novo  channel synthesis was supported  b y  the  
action of the p ro te in  synthesis  in h ib ito r cyclohexim ide in  re ta rd in g , 
or p re v e n tin g , axotom y-induced exc itab ility  in  c ra y fis h  neurones  
(Kuwada, 1981). Colchicine d iffe rs  in  respect from  axotomy in  th a t  
th e  anatom y o f th e  axon is m a in ta in e d  and  a x o n a l c o n d u c tio n  o r  
neurom uscular transm ission is not blocked. Both trea tm ents , how ever, 
b lo ck  axoplasm ic flo w  and hence d is r u p t  th e  t r a n s p o r ta t io n  o f  
su b stan ces  to and  fro m  th e  soma. I f  th e  m ech an ism  o f c h a n n e l  
tran sp o rta tio n  to the  p e r ip h e ry  invo lves  the cytoskele ton , colchicine  
trea tm ent would cause an accum ulation of channels in  the  cell body. 
I n a p p r o p r ia t e  in s e r t io n  o f  Na c h a n n e ls  in  th e  c e l l  b o d y  is ,  
t h e r e f o r e ,  l i k e l y  to  ta k e  p la c e  w i th  a x o to m y  a n d  c o lc h ic in e  
treatm ents. .
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1.3313 C rayfish  Neurones.
Axotom y-induced changes in  membrane e xc ita b ility  have also been  
re p o rte d  in  c ray fis h  CNS neurones (Kuwada and Wine, 1981; Wiens and  
Atwood, 1982). The norm ally  n o n -s p ik in g  soma of the fas t flexo r  
motoneurone and the e ffe re n t flexo r in h ib ito r neurones w ere able to  
consistently  produce overshooting  action potentia ls  w ith in  36 hours  
of axotomy (Kuwada and Wine, 1981; Wiens and Atwood, 1982), The  
action potentials persis ted  fo r  two weeks and th e re a fte r  declined. 
The increased e xc ita b ility  was observed in  the fa s t flexors w hich  
le a v e  th e  g a n g l io n  v ia  th e  s e v e r e d  r o o t ,  w h i le  th e  i n t a c t  
co n tra la te ra l homologue neurone showed normal decrem ented passive  
antidrom ic potentia ls  (Wiens and Atwood, 1982).
E ffe re n t flexor in h ib ito r  neurones w ith  longer proximal axon 
stum ps took lo n g e r to d e ve lo p  a c t io n  p o te n t ia ls .  T h e  a c t io n  
potentia ls  could not be res to red  by  resection ing  the  proximal stump. 
B ehavioural and h istological evidence showed th a t th is  decline was 
not due to the re -in n e rv a tio n  of the  muscles or reconnection of the  
proximal and d is ta l axon segments. An im portant observation  was th a t  
neuropile  record ings  showed th a t processes from  flexor in h ib ito r  
cells  w ere  also ab le  to p ro d u c e  a c t io n  p o te n t ia ls  a f t e r  a x o to m y . 
I n t r a c e l l u l a r  s t a in in g  s h o w e d  t h a t  t h is  e x c i t a b i l i t y  w as  n o t  
accompanied by  d e n d ritic  sp ro u tin g . These axotom y-induced changes  
are on ly  tra n s ie n t and Kuwada and Wine (1981) dem onstrated th a t a 
n eu ro n e  does no t h ave  to  fu n c t io n a lly  in n e r v a te  i t s  t a r g e t ,  i .e .  
re c e iv e  a tro p h ic  fa c to r , in  o rd e r  to  m a in ta in  i ts  c h a r a c te r is t ic  
e le c tr ic a l p r o p e r t ie s .
In te r e s t in g ly ,  in  th e  c ra y f is h  p r e p a r a t io n  axo to m y  d id  n o t  
induce the same responses in  a ll neurones. The e lec tro g en ic ity  of 
n o rm a lly -s p ik in g  fa s t  f le x o r  n e u ro n e s  was t r a n s ie n t ly  in c re a s e d
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follow ing axotomy (Kuwada and Wine, 1981; Wiens and Atwood 1982), 
w hereas axotomy did not a ffe c t the  n o n -sp ik in g  ton ica lly  active  slow 
flexor motoneurones or the p e r ip h e ra l in h ib ito r (Kuwada and Wine,
1981). Some in te rn eu ro n es  b u t not o thers  showed increased soma 
e x c ita b i l i ty .
Kuwada (1981) w ent on to in ves tig a te  the ionic dependence of the  
enhanced exc ita b ility  in  the  soma of the fa s t in h ib ito r  (F I) neurone. 
Iso lation  of the soma from  the  re s t of the neurone confirm ed th a t the  
e lec trica l changes had taken  place w ith in  the somal membrane and w ere  
not transm itted  from  d is tan t loci. The inw ard  c u rre n t of these soma 
spikes was re v e rs ib ly  abolished b y  N a -fre e  and TTX (50-500nM ) saline  
and rem ained u naffected  by  C a -fre e  plus Mn^* saline. These resu lts  
ind icated  th a t the p rim ary  in w ard  c u rre n t c a rry in g  ion was sodium. 
TEA* (50mM) had p rev io u s ly  been rep o rted  to unmask C a-dependent 
action potentia ls  in  o th e r p rep ara tio n s  (F a tt and Katz, 1953; F a tt  
and G insborg, 1958; Pitm an, 1979). The F I neurone TEA+-induced  
reg en era tive  soma spikes w ere now Na and ,C a-dependent 5-7  days a fte r  
axotomy.
The m etabo lic  d ep en d en ce  o f th e s e  in d u c e d  c h a n g e s  w as  
in v e s tig a te d  b y  f i r s t  in c re a s in g  th e  te m p e r a tu re  o f a c c lim a te d  
animals from  17° to 27°C. The increased responsiveness was s till 
a p p aren t b u t the onset occu rred  24 hours e a r lie r  and declined one 
week e a rlie r. When these warm ed animals w ere axotomised and th en  
exposed to th e  p ro te in  s y n th e s is  in h ib i t o r  c y c lo h e x im id e , th e  
c h a ra c te r is t ic  in d u c ed  e x c ita b i l i ty  w as r e ta r d e d  o r  p r e v e n te d .  
Kuwada (1981) suggested, th e re fo re , th a t axotomy in itia tes  p ro te in  
synthesis w hich underlies  the  tra n s ie n t increase in  v o ltag e-d ep en d en t 
Na and K c o n d u c tan ces , p e rh a p s  b y  th e  de n o v o  s y n th e s is  o f  
ap p ro p ria te  channels.
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1.332 DENERVATION.
1.3221 Frog Slow Muscle F ib res .
Norm ally in n erva ted  slow muscle fib re s  of the fro g  w ere shown to be 
incapable of producing  action potentia ls  (B urke  and G insborg, 1956). 
The muscle fib res  have e n d -p la tes  a t many points along th e ir  len g th  
which enables membrane depo larisation  by e n d -p la te  potentia ls  despite  
the in a b ility  to produce re g en e ra tive  action potentia ls . Two weeks  
a fte r  denervation  by c u ttin g  o r c ru sh in g  the  sciatic n erve  the muscle 
fib re s  acquired  the a b ility  to g enera te  action potentia ls  w hich w ere  
ir re v e rs ib ly  blocked b y  TTX, in d ica tin g  sodium as the main inw ard  
c u r r e n t  c a r ry in g  io n . The a c tio n  p o te n t ia l  s lo w ly  d is a p p e a re d  
between 61 and 110 days fo llow ing denervation . This corresponded to  
the re in n erva tio n  of the  muscle fib re s  b y  slow -conductiong motor 
axons. S everal fib re s  w hich had not received any in n erva tio n  also  
showed a reduced e x c ita b ility  (M iledi, S te fan i and S teinbach, 1971; 
Schm idt and S tefan i, 1977).
In  view  of the dependence o f motoneurone p ro p erties  on the  
in te g r ity  of the ta rg e t muscle (see section 1.331) th e re  appears to  
be a tw o-w ay dependency between motoneurones and th e ir  ta rg e t  
muscles.
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1.34 ANOXIA AND pH REGULATION.
1.341 In tro d u c tio n .
Carbon dioxide (CO2 ), above am bient p a rtia l p ressu re , is ro u tin e ly  
used as an anaesthetic  in  entom ology, and c le a rly  has a profound  
e ffe c t  on th e  n e rv o u s  system . T h e  a n a e s th e t ic  e f fe c t  m ay be 
a t t r ib u te d  to th e  l ip id  s o lu b il i ty  o f CO 2  (P a u lin g , 1 9 6 1 ). In  
solution CO2  re a d ily  crosses cell membranes (Jacobs, 1940). In s id e  
the  cell the CO2  reacts  w ith  w ater to produce carbonic acid, which  
ra p id ly  dissociates to produce h yd ro g en  ions (H*) and b icarbonate  
ions (HCO3 -) as in  F ig . 1.341 1. The H2 CO3 -HCO3- equ ilib rium  is a 
h ig h ly  e ffe c tive  b u ffe r in g  system able to w ithstand  wide varia tio n  in  
proton  concentration  th e re fo re  a lte ra tio n s  in  ex trace llu la r CO2 w ill 
ra p id ly  a ffec t in tra c e llu la r  pH. M any aspects of cell s tru c tu re  and  
fu n c tio n  are in fluenced by  pH, p ro te ins  are  p a rtic u la r ly  vu ln erab le  
to a ttack  by  the h ig h ly  re ac tiv e  H*. Such pro te ins  include metabolic 
enzymes whose cata ly tic  a c t iv ity  has an optimum pH, or s tru c tu ra l  
com ponents o f th e  c e ll, e .g . tra n s m e m b ra n e  io n  c h a n n e ls . M o re  
recen tly  single protons and deuterium  ions have been rep o rted  to bind  
and unb ind  from  a single site on an L -ty p e  d ih y d ro p y rid in e -s e n s itiv e  
calcium channel from  guinea p ig  v e n tr ic u la r  myocytes (Prod'hom , 
Pietrobon and Hess, 1987). C onsequently  the channel conductance is  
re d u c e d  to one th ir d  o f its  o r ig in a l  v a lu e  p r o d u c in g  a s u b -  
conductance lev e l ra th e r  th an  causing a complete block. The au thors  
suggest th a t p rotonation  changes the  local surface po ten tia l w hich  
reduces the cation concentration  near the mouth o f the  channel and  
thus reduces the  flow of ions th ro u g h  the channel.
B io lo g ica l system s, th e r e fo r e ,  n e ed  to  m a in ta in  a c o n s ta n t  
environm ental pH in  o rd e r to fu n c tio n  norm ally. A fa ilu re  in  pH 
reg u la tio n  may cause unusual e ffe c ts  and, in  extrem e instances, be 
l e t h a l .
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O u t  In
2CO2 1 f ^  CO2 “ f* H2 O ---- — H2CO3 '4""::" :   — H C O3 “f“ H
F ig . 1.341 1
C arb o n  d io x id e  (CO 2) r e a d ily  c ro s s e s  th e  c e ll  m e m b ran e  w h e re  i t  
reacts  w ith  w ater (H2O) in  the  aqueous cytoplasm ic environm ent to 
produce carbonic acid (H2CO3). This  reaction  is catalysed b y  the  
enzym e carbonic anhyd rase. Carbonic acid fu r th e r  dissociates to  
y ie ld  b icarbonate (HCO3-) and h yd ro g en  ions (H+).
s';
1.342 The E ffe c t o f Anoxia upon In sects .
In  locusts, repeated  one m inute w hole-anim al exposure to 100% CO2  
causes c en tra l neurochem ical changes (e levated  cephalic octopamine 
a n d  d e p r e s s io n  o f  d o p a m in e )  a n d  p e r ip h e r a l  n e u r o e n d o c r in e  
d is tu rbances  in  ju v e n ile  hormone, accompanied b y  chronic behav ioura l 
changes, though i t  is not c lear w h eth er the  p e rip h e ra l changes a re  a 
re s u lt o f c en tra l e ffec ts  (Fuzeau-B raesch  and Nicolas, 1981). Few  
experim ents, how ever, have d ire c tly  examined the e ffec ts  of CO2  upon  
the membrane p ro p erties  o f insect neurones.
C lark  and Eaton (1983) re p o rte d  th a t c r ic k e t neurones p re tre a te d  
w ith  CO2  resp o n d  w ith  a slow d e p o la r is a t io n  w ith o u t  p r o d u c in g  a 
substan tia l conductance change. O ther treatm ents  which ac id ified  the  
cell also resu lted  in  a slow depolarisation . In  add ition , b locking  
norm al ac id  e x tru s io n  w ith  S IT S  o r  b lo c k in g  in t r a c e l lu la r  pH  
re g u la t io n  b y  re m o v in g  e x te rn a l c h lo r id e  io n s  a n d  th u s  lo w e r in g  
in t r a c e llu la r  c h lo r id e  ions e n h a n c e d  th e  e f fe c t  o f CO 2 . C h lo r id e  
extrusion  is invo lved  in  a coupled non-e lectrogen ic  extrusion  of H+ 
in some systems (fo r a rev iew  see Thomas, R. C«, 1984). The w o rkers  
concluded th a t CO2  exerted  its  e ffec ts  b y  low ering  the  in tra c e llu la r  
pH. F u rth erm o re , the mechanism appeared to be v ia  blockade of a 
metabolic component u n d e rly in g  the re s tin g  potentia l.
A more recen t s tu d y  b y  Pitman (1988) shows th a t between 10 hours  
and 5 days a fte r  w hole-anim al anoxic exposure (100% CO2  or N2 ) the  
soma of an id e n tified  cockroach motoneurone, cell 28, became capable  
of su p p o rtin g  N a-dependent action potentia ls  (Pitm an, 1988). This  
observation  showed th a t a fa ll  in  in tra c e llu la r  pH b ro u g h t about by  
anoxia was not d ire c tly  responsib le fo r  the increase in  e xc itab ility . 
A r t i f ic ia l ly  lo w e rin g  th e  in t r a c e l lu la r  pH  r e s u lte d  in  a m a rk e d  
d e p o la r is a t io n  b u t  w as  n o t  a c c o m p a n ie d  b y  an  in c r e a s e  in  
e xc ita b ility . F u rth erm o re , h istological exam ination of cell 28 a fte r
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anoxia showed th a t th e re  was no detectable change in  RNA d is trib u tio n  
which can be seen a fte r  axotomy or colchicine trea tm en t (Cohen and  
J a c k le t ,  196 7 ; P itm a n  T w e e d le  a n d  C o h e n , 1 9 7 2 ) .  S in c e  a 
re d is tr ib u tio n  in  RNA synthesis  is thoug ht to re fle c t an a lte ra tio n  
in  p ro te in  s y n th e s is , i t  is  l ik e ly  th a t  th is  c h a n g e  in  e x c i t a b i l i t y  
does not re s u lt from  de novo  synthesis  o f ion channels. The induced  
exc ita b ility  b ro u g h t about b y  anoxia is th e re fo re  hard  to reconcile  
w ith  th e  axotom y and  c o lc h ic in e -in d u c e d  e x c i t a b i l i t y .  T h e  d e la y  
between anoxia and the onset o f e xc itab ility , how ever, does suggest a 
re la tiv e ly  long term  change in  ce llu lar mechanisms (Pitm an, 1988).
F o r exam ple g ly c o g e n  s to ra g e  in  in s e c ts  is  a lso  a f fe c te d  b y  
anoxia. In  normal cockroaches, glycogen is stored as granu les  in  
n eural somata a t re la tiv e ly  low concentrations. Axotomy or a b r ie f  
exposure to CO2  o r N2  induces massive cytoplasm ic glycogen aggregates  
w ith in  la rg e  somata (Wood, A rg iro , P elikan and Cohen, 1980). The  
increased glycogen store is th o u g h t to be a consequence of s tre s s - 
induced m obilization and re d is tr ib u tio n  of sugars d erived  from  body  
fa t (M atthews and Downer, 1973).
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1.343 pH AND THE ELECTRICAL PROPERTIES OF CELLS.
1.3431 C rayfish  Muscle F ib res .
U nder normal conditions c ra y fis h  {Procam barus c la rk ii) tonic flexor 
muscle fib re s  do not norm ally g en era te  action potentia ls. There is, 
how ever, a dram atic increase in  e x c ita b ility  a fte r  prolonged anoxia  
or trea tm en t w ith  uncouplers o f ox idative  phosphorylation  (Moody,
1978). A p p lic a tio n  o f 2 ,4 -d in it r o p h e n o l (D N P) p ro d u c e d  a l l - o r -  
n o th in g  c a lc iu m -d e p e n d e n t a c tio n  p o te n t ia ls  a f t e r  s e v e r a l  h o u rs  
exp o su re . The o b s erv e d  e le c tr ic a l  c h a n g e s  w e re  g r a d u a l  an d  a 
t r a n s ito r y  o s c illa to ry  resp o n se  w as e v id e n t  p r io r  to f u l l  a c t io n  
poten tia l generation . Two uncouplers  w ere used; carbony l cyan id e -m - 
ch lo rpheny lhydrazone  ,(CCCP) and M s^hydroxycoum arin  (dicoum arol). 
These uncouplers also e lic ited  action potentia ls.
Three o ther metabolic in h ib ito rs  w ere employed, each acting  on a 
d iffe re n t mechanism from the p re v io u s ly  used compounds. Oligomycin  
in h ib its  resp ira tio n  a t the leve l o f ATP synthesis , cyanide in h ib its  
e le c tro n  tra n s p o r t  and  io d o a ce ta te  in h ib i t s  g ly c o ly s is .  O f th e s e  
in h ib ito rs  on ly  oligom ycin evoked action  potentia ls. P re -tre a tm e n t  
w ith  cya n id e  p o te n tia te d  th e  a c t io n  o f d ic o u m a ro l w h e re a s  p r e ­
trea tm ent w ith  iodoacetate in h ib ite d  it .
The mechanism of uncoupler action  was th oug ht to be v ia  blockade  
of m itochondrial calcium b u ffe r in g  and a subsequent e levation in  
in te rn a l calcium (G odfra ind , Kawamure, K rn je v ic  and Pumain, 1971), 
Moody (1978) a rgued  against th is  e ffe c t fo r  th ree  reasons. F irs t ly ,  
an in c re a se  in  in te r n a l calc ium  le a d s  to  a d e c re a s e  in  c a lc iu m -  
dependent action potentia ls  in  barnacle  slow muscle fib re s  (Hagiwara  
and N aka jim a, 1966); and s e c o n d ly , an  u n u s u a l f e a tu r e  o f th e  
uncoupler induced action potentia ls  was th a t th e y  u n d erw en t fa tig u e  
d u rin g  re p e tit iv e  low fre q u e n cy  stim ulation. Moody (1978) suggested  
th a t in tra c e llu la r  calcium accum ulation was responsib le fo r  fa tig u e .
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T h ird ly  the iodoacetate in h ib itio n  of the dicoum arol e ffec t im plied  
th a t the induced e x c ita b ility  was b ro u g h t about th ro u g h  increased  
anaerobic g lycolysis and th u s  metabolic acidosis.
The ac tio n  o f th e  u n c o u p le rs  is  in f lu e n c e d  b y  th e  e x is t in g  
en erg y  status of the cell. Anoxia (100% n itro g en ) can also mimic the  
effec ts  o f the uncouplers  and, a fte r  4.5 hours, cause a single f ib re  
to produce re p e tit iv e  f ir in g  in  response to a steady depolaris ing  
c u rre n t. Changes in  the e n erg y  status o f the cell b ro u g h t about by  
m etabolic  in s u lt  can r e s u lt  in  a m a rk e d  in c re a s e  in  e le c t r ic a l  
exc ita b ility . Moody (1981) suggested th a t metabolic acidosis a ffec ts  
a membrane conductance a lread y  p resen t in  the membrane.
To te s t th is  h y p o th e s is  th e  in t r a c e l lu la r  pH o f th e  c e ll  w as  
lowered experim entally  (Moody, 1980) using  the  ammonium rebound  
technique developed by  Aie k in  and Thomas (1977). The p rin c ip le  
invo lved  is prolonged exposure of the muscle to ex trace llu la r NH4CI 
w hich resu lts  in  in tra c e llu la r  accum ulation of NH4 .^ When the NH4CI 
is replaced by norm al saline, the NH4 * dissociates and d iffuses out 
of the cell as NH3  leav ing  behind the fre e  H+, As the  in te rn a l pH 
d ro p p e d  from  7.25 to  6.4 u n its  th e  s ize  o f th e  a c t io n  p o te n t ia l  
increased u n til, a t pH 6.3 -  6,4, v ir tu a lly  a ll fib re s  exh ib ited  a ll -  
o r-n o th in g  action potentia ls . A sim ilar response was obtained w ith  
O O g-equilibrated R inger. The increased e xc ita b ility  was concomitant 
w ith  a decrease in  the  delayed re c tific a tio n . In  c ray fis h  muscle low 
concentrations of e x te rn a lly  applied  TEA* (10-15mM) produced a s h ift  
in  th e  I - V  re la t io n s h ip  s im ila r  to  t h a t  c a u s e d  b y  in t r a c e l lu la r  
acid ification . F u rth e rm o re , low concentrations o f TEA* w ere able to 
unmask calcium spikes. These observations ind icate  th a t in  c ra y fis h  
muscle low in tra c e llu la r  pH is able to block the  delayed re c tify in g  K 
conductance which alone is s u ffic ie n t to unmask action potentia ls .
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1,3432 Io n  Conductances.
Using in te rn a l ce llu la r p erfu s io n  and io n -sen s itive  m icroelectrode  
{Thomas, 1974a) techniques, B y e rly  and Moody (1986) studied the  
e ffe c ts  o f low in t r a c e llu la r  pH u p o n  Ca^* a n d  K* c o n d u c ta n c e s  in  
Lym naea  n eu ro n es . W hen in v e s t ig a t in g  th e  o u tw a rd  c u r r e n t  th e  
exp erim en ts  w ere  p e rfo rm e d  in  th e  p re s e n c e  o f e x te r n a l  cadm ium  
(O.lmM) in  o rd e r to block an y  Ca2+-activated c u rre n t. U nder these  
conditions th e re  w ere two rem ain ing  potassium conductances, a fa s t 
t ra n s ie n t  c u r r e n t  ( I a )  and a d e la y e d  c u r r e n t  ( I k ) *  T h e se  tw o  
c u r re n ts  w ere  fo u n d  to be p re s e n t in  d i f f e r e n t  p r o p o r t io n s  in  
d iffe re n t cells. I a  was isolated b y  choosing cells w ith  a s trong  I a  
component and by d e liv e rin g  a conditioning p re -p u ls e  to -90mV to 
rem ove in a c tiv a tio n  and m axim ise I a * U n d e r  th e s e  c o n d it io n s  low  
in tra c e llu la r  pH o f 5.9 u n its  c au s e d  a s u b s ta n t ia l  b lo c k  o f I a * 
In te r p r e ta t io n  o f th e  e f fe c t  o f low  in t r a c e l lu la r  pH  on Ik  w as  
com plicated  due to th e  c o n tr ib u t io n  o f a s tro n g  o u tw a rd  p ro to n  
c u r r e n t ,  Ih, a t  p o te n tia ls  m ore p o s it iv e  th a n  OmV. T h e  r e la t iv e  
contribu tions of Ik and In a re , how ever, d iffe re n t a t pH; 5.9 and  
7.3. U nder these conditions, and blocking I k  w ith  caesium, the I b  
co n trib u tio n  was shown to increase as the pH; decreased. When I h  was 
not co rrected  fo r , low in tra c e llu la r  pH produceed prolonged c u rre n ts  
w h ic h  w e re  i n i t i a l l y  i n t e r p r e t e d  as r e d u c e d  I k  i n a c t i v a t io n .  
However, once the I h  co n trib u tio n  had been correc ted  fo r, low ering  
the pH from  7.3 to 5.9 u n its  blocked I k  by  about 65%. As the  
in te rn a l pH is lowered the  H* eq u ilib riu m  poten tia l approaches the K* 
equilib rium  poten tia l th e re fo re  ta il c u rre n t measurements cannot be 
used to d is tin g u ish  these two components. Low in tra c e llu la r  pH has 
also been found to block I k  in  H elix  neurones (Meech, 1979) and in  
the squid axon (Wanke, Carbone and Testa, 1979),
C onversley, Umbach (1982), w o rk in g  w ith  Paramecium^ rep o rted
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th a t th ere  was no e ffe c t on the peak am plitude of I k  a t low pHu The  
assum ption here was th a t a ll the  outw ard  c u rre n t was ca rrie d  b y  q
potassium and th e re  was no consideration of another component e .g . H* 
c u rre n t.
In  Lymnaea  neurones at low pHi th e re  was also observed a small 
( l-7 n A ) outw ard  c u rre n t a t +50mV dem onstrated to be ca rrie d  by  K*.
B yerley  and Moody (1986) th o u g h t th is  was due to the ac tiva tio n  o f 
iKCa by  an increased in tra c e llu la r  calcium concentration . O utw ard H* 
c u rre n ts  also contam inated inw ard  c u rre n t measurements so these two 
c o n d u c tan ces  can n o t be re a d ily  s e p a r a te d . E s t im a tio n  o f th e  I b  
com ponent e xp lo its  th e  fa c t  th a t  Ca^* c u r r e n t s  d is a p p e a r  d u r in g  
p ro lo n g e d  d ia ly s is  w h ile  H* c u r r e n t s  re m a in . S u b tr a c t io n  o f  
measurements taken  before  and a fte r  prolonged d ialysis a t low pHj 
enable the  calcium component to be calculated. The calcium c u rre n t  
was also decreased a t low pH, though th e re  was no d is tinction  as to  
w hether th is  was due to a d ire c t e ffe c t on I c a  or secondary to an 
in te r n a l r is e  in  Ca^*.
In  Paramecium  calcium and barium  c u rre n ts  w ere decreased in  low  
p H i  a n d  e n h a n c e d  in  h ig h  pH i (U m b a c h , 1 9 8 2 ) .  I n t r a c e l l u l a r  
a lky laza tio n  caused a re v e rs ib le  increase in  e a r ly  inw ard  c u rre n ts  
c o n v e r t in g  a g ra d e d  re g e n e ra t iv e  re s p o n s e  to  an a l l - o r - n o t h in g  
calcium spike. These observations ind icate  th a t pHi has a d ire c t  
e ffe c t upon the calcium channel in  Paramecium,
Barnacle muscle cells exposed to C O g-artific ial seaw ater (ASW) 
undergo  in tra c e llu la r ac id ificatio n  and exh ib it a small increase in  
Caj measured by  aequorin  lig h t emission (Lea and Ashley, 1978), This  
was accom panied b y  in c re a s e d  is o m e tr ic  te n s io n  d e v e lo p m e n t.  
Stim ulation o f Ca^* e n try  was th o u g h t to be in vo lved  in  th is  response  
w ith  some co n trib u tio n  from  dep o larisatio n -in d u ced  release o f Ca^*
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from the sarcoplasmic re ticu lum .
In  sum m ary, low  in t r a c e l lu la r  pH  re d u c e d  I a ,  I k  an d  Ica in  
molluscan and squid neurones (B yerley  and Moody, 1986; Meech, 1979; 
Wanke, Carbone, and Testa, 1979). Conversely, I k  was unaffected  in  
Paramecium  w hile Ica was enhanced in  Paramecium  (Umbach, 1982) and  
barnacle muscle (Lea and Ashley, 1978). By red u cin g  Ica one m ight 
e x p e c t  iKca to  be r e d u c e d ,  th o u g h  t h is  w as  n o t e x a m in e d  
e x p e r im e n t a l ly .  U n d e r  c e r t a in  c o n d it io n s  I h  s ig n i f ic a n t l y  
contributes  to the net outw ard  c u rre n t.
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1.3433 INTER-RELATIONSHIP BETWEEN Cm AND pHi.
The previous  section looked a t the  e ffec t o f pHi and calcium c u rre n ts  
across th e  e x tra c e llu la r  m em brane . T h e  fo l lo w in g  s e c tio n  w il l  
examine the re la tionsh ip  between calcium and h ydrogen  ions w ith in  the  
c yto p lasm . A c c o rd in g  to  th e  th r e e  m ech an ism s u n d e r ly in g  pH
re g u la tio n  p roposed  b y  Thomas R .C . (1 9 8 4 ) (see  F ig . 1 .3442  2 ) ,
tran sm em b ran e  Ca^*-H* exch an g e  does n o t o c c u r  in  th e  ra n g e  o f
p rep ara tio n s  so fa r  s tud ied . However, in tra c e llu la r  pH does a ffe c t  
cytoplasm ic calcium (Cai) in  some cells.
In t r a c e l lu la r  in je c t io n  o f Ca** in to  H e lix  n e u ro n e s  has b een  
re p o rte d  to cause a fa l l  in  pHi (M eech  a n d  T h o m as, 1 9 7 7 ). T h e  
im plication was th a t cytosolic calcium was ra p id ly  accum ulated by
in tra c e llu la r organelles in  exchange fo r protons. P re -tre a tm e n t w ith  
COa-saline was p re v io u s ly  dem onstrated to cause a tra n s ie n t decrease  
in  pHi, which slowly re tu rn e d  to normal, and also a 3 -fo ld  increase  
in  the  cells* b u f fe r in g  c a p a c ity  (T h o m as , 1 9 7 6 a ). In je c t io n  o f  
calcium then  produced a g re a tly  reduced change in  pHi. Conversely, 
in  Helix  neurones in tra c e llu la r  acid ification  has been rep o rted  to 
re d u ce  in te r n a l Ca** (A lv a re z -L e e fm a n s . R in k  a n d  T s ie n , 1 9 8 1 ). 
C learly  the in te r-re la tio n s h ip  between Ca, and pHi d iffe rs  between  
cells and cannot be co n fid en tly  p red ic ted .
Ahmed and Connor (1980) used in tra c e llu la r dyes in  molluscan 
neurones to measure pH and Ca**i changes d u rin g  e lec trica l a c tiv ity . 
They found th a t voltage-c lam p pulses, which induced calcium e n try , 
w ere  fo llo w ed  b y  in te r n a l  a c id if ic a t io n ,  d e te c te d  b y  a d ro p  in  
absorbance. In  ad d itio n , tra in s  o f action potentia ls  also produced  
in te rn a l acid ification . The e ffe c t o f pHi on Ca**, may not ind icate  
the action of low pH, on C a**-dependent systems. For example, i f  H+ 
competes w ith  Ca** a t Ca*+-binding sites, a t low pH,, Ca** b ind ing  
m ay be re d u c e d  d e s p ite  an in c re a s e  in  Ca**; (see  M o o d y , 1 9 8 4 ).
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1.344 pH REGULATION IN SNAIL NEURONES.
C learly  th e re  must be one or more mechanisms which u n d e rly  pH 
reg u latio n  in  excitable cells. The f i r s t  rea l advance in  th is  fie ld  
came w ith  th e  d e ve lo p m e n t o f p H -s e n s it iv e  g la s s  m ic ro e le c tro d e s  
(Thomas, 1974a). These m icroelectrodes had a small tip  d iam eter of 
Ip M  and en ab led  th e  a c c u ra te  m e a s u re m e n t o f in t r a c e l lu la r  pH , 
in it ia lly  w ith in  snail neurones. Thomas (1974a) measured the average  
i n t e r n a l  pH  in  H e l ix  a s p e r s a  n e u r o n e s  a n d  fo u n d  t h a t  th e  
in t r a c e llu la r  pH is  m a in ta in e d  a t  a m ore a lk a l in e  le v e l  i .e .  0 .2 2  
u n its  h ig h er than  the  expected value  i f  H* w ere passively  d is trib u te d  
across the membrane. This suggested th a t th e re  was a mechanism fo r  
H* extrusion  against its  concentration  g rad ien t.
The in t r a c e l lu la r  pH o f a n o rm a l s n a il n e u ro n e  w as l i t t l e  
a ffec ted  by  m anipulating  the cell membrane p o ten tia l, ex trace llu la r  
pH or a lte r in g  e x trac e llu la r K* and Na* concentration.
I f  th e  p ro to n  e x tru s io n  m echanism  is  m e ta b o lic a lly  d r iv e n ,  
metabolic in h ib ito rs  w ill reduce the  available en erg y  and slow down 
o r b lock th e  p ro cess . Thom as (1 9 74 a ) r e p o r te d  t h a t  a n o x ia  (N% 
exposure), azide and d in itro p h en o l (DNP) exposure caused a slow fa ll 
in  in tra c e llu la r  pH.
In  s o lu tio n , e x te rn a l a p p lic a tio n  o f am m onia r e a d i ly  c ro s s e s  
cell membranes (Jacobs, 1940). In  an aqueous environm ent ammonia 
w ill re ac t w ith  fre e  H* to produce ammonium ions (NH4*) and h y d ro xy l 
ions (0H “) (F ig . 1.344 1 ). W ith  s n a il n e u ro n e s  e x te r n a l  am m onia  
caused a ra p id  in c re a s e  in  pH. T h e  m a g n itu d e  o f in c re a s e  w as  
dependent upon the  ex te rn a l ammonia concentration . According to the  
e q u ilib r iu m  e q u a tio n  in  F ig . 1 .344  1, h ig h  e x te r n a l  am m onia w i l l  
d riv e  the  eq u ilib rium  tow ard th e  r ig h t. C onversely, in tra c e llu la r  
in je c tio n  o f NH4* a c id if ie d  th e  c e ll  a n d  th e  e q u l ib r iu m  s h if te d  to  
produce NHa and H*.
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O u t
»  NHNH
OH
F ig . 1.344 1
Ammonia (NH3 ) re a d ily  crosses the  cell membrane w here i t  reacts  w ith  
hyd ro g en  ions (H+) to produce ammonium (NH4 +) and h y d ro xy l (OH")ions.
E xtern a l COz-Ringer produced a rap id  fa ll in  in tra c e llu la r  pH of 
0.6 u n its  which re tu rn e d  to norm al on replacem ent w ith  normal R inger 3'
saline. L a te r experim ents (Thomas, 1976a) showed th a t prolonged CO2  
exp o su re  e lic ite d  a ra p id , t r a n s ie n t  f a l l  in  in t e r n a l  pH w h ic h  4
expon entia lly  re tu rn e d  to norm al levels. This fu r th e r  suggested an  
active  process in vo lved  in  pH reg u la tio n  as extrusion  o f H+ o r u p take  
o f OH- o r HCO3 -  w ou ld  be a g a in s t t h e i r  e le c tro c h e m ic a l g r a d ie n ts  
(Thomas, 1976a). This in it ia l ra p id  fa ll in  pH was slowly o ffse t in  
the presence o f b icarbonate  ions in  the extern a l solution. On re tu rn  
to normal R inger the in te rn a l pH increased and overshot the re s tin g  
lev e l before  re tu rn in g  to norm al. B icarbonate ions w ere presum ed to 
cross th e  c e ll m em brane and  add  to  th e  in t r a c e l lu la r  b ic a rb o n a te  
le v e ls . A c c o rd in g  to  th e  e q u ilib r iu m  in  F ig . 1 .344  1, th is  w o u ld  
d ecrease  th e  a v a ila b le  H+ c o n c e n tra t io n . To te s t  th is  h y p o th e s is  
bicarbonate  was in jec te d  in to  the  ceU w hich responded w ith  a la rg e  
slow increase in  in te rn a l pH (Thomas, 1974b).
The ra p id  in tra c e llu la r  response of snail neurones to add ition
or rem oval o f CO2 suggests the involvem ent of the enzyme carbonic
anhyd rase  which catalyses the  h y d ra tio n  of CO2 and the d eh yd ra tio n  of 
H2CO3. This view  is supported  b y  the observation  th a t the  carbonic  
anhyd rase in h ib ito r , acetazolam ide slows the  pH response to add ition  
and rem oval of ex te rn a l CO2 (Thomas, 1976a).
In tra c e llu la r  increase of CO2  w ill increase the b u ffe r in g  power g
of HCO3" according to the  eq u ilib riu m  in  F ig . 1.341 1. In tra c e llu la r  5
in je c tio n  o f HCl d u r in g  CO2  e x p o s u re  d e m o n s tra te d  an  in c re a s e d  
b u ffe r in g  pow er th re e  tim es th a t  o f n o rm a l c e lls . Once a g a in  
acetazolamide reduced th e  e ffe c tiv e  b u ffe rin g  power o f a COz-acid 
lo a d e d  c e l l  to  in je c t e d  a c id  in d ic a t in g  a f u n c t io n a l  r o le  f o r  
carbonic anhyd rase (Thomas, 1976a).
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1.3441 PROTON-PUMP MECHANISM IN  SNAIL NEURONES.
Thomas then  focussed on the  u n d e rly in g  mechanism of neuronal H+ 
e x t r u s io n  u n d e r  a c id  lo a d  a n d ,  in  p a r t i c u l a r ,  th e  r o le  o f  
bicarbonate , ch loride and sodium ions (Thomas, 1977). From previous  
w ork, ex tern a l b icarbonate  ions w ill o ffse t COg-induced in tra c e llu la r  
acid ification  in  snail neurones (Thomas, 1974b). Reducing extern a l 
HCOa" g re a tly  slowed the  re co v e ry  from  CO2  acid load. This b reak in g  
e ffe c t o f HCOa" has been re p o rte d  in  squid g ian t axons (Boron and De 
Weer, 1976). Reducing the  e x te rn a l ch loride  ion concentration in  
snail neurones does not in h ib it  th is  reco very . I f ,  how ever, in te rn a l 
01" is re d u ce d  th is  does slow th e  r a te  o f r e c o v e r y .  As th e  
in tra c e llu la r  pH recovered  eifter CO2  exposure the in tra c e llu la r  Cl" 
c o n c e n t r a t io n ,  m e a s u re d  w i t h  io n  s e n s i t iv e  e le c t r o d e s ,  
co rrespond ing ly  decreased. These resu lts  suggest th a t HCO3 " e n te rin g  
the cell is exchanged fo r  in tra c e llu la r  Cl" leav ing  the cell (Thomas, 
1976b).
Io n ic  s u b s t itu t io n  o f Na+ in  th e  e x te r n a l  s o lu tio n  g r e a t ly  
in h ib ite d  th e  pH resp o n se  to  ac id  lo a d . Io n - s e n s i t iv e  e le c tro d e s  
d e te c te d  a t ra n s ie n t  in c re a s e  in  in t r a c e l lu la r  Na+ d u r in g  th e  
re co v e ry  time. When the  Na-K  pump was blocked by  rem oving extern a l 
K+, the  in tra c e llu la r  Na+ continued to rise  u n til  normal R inger was 
superfused . I t  is probable  th a t sodium th e re fo re  en ters  the  cell in  
exchange fo r  protons d u rin g  pH reg u la tio n .
On the basis o f these experim ents a dual exchange mechanism was 
postulated in v o lv in g  CI--HCO 3 " and Na+-H+ systems. Were these two  
system s lin k e d  o r in d e p e n d e n t fro m  one a n o th e r?  To te s t  th is  
h y p o th e s is  b o th  system s w e re  b lo c k e d . T h e  Na+-H+ b y  re m o v in g  
extern a l Na and the  Ck-HCOa" b y  th e  stilbene d e riv a tiv e , S IT S , w hich  
blocks anion exchange. Blockade o f both systems did not a t once 
produce an a d d itive  in h ib itio n  o f re co v e ry  w hich suggested th a t the
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mechanisms w ere lin ked  to the  same process. Thomas (1977) proposed a 
membrane exchange mechanism w hich is schem atically rep resen ted  in  
F ig . 1,3441 1. T h e  io n ic  m echanism  in v o lv e s  a c o u p le d  n o n -  
electrogenic exchange of ions betweeen the in te r io r  and e x te rio r o f 
th e  c e ll w h ich  re q u ire s  m etab o lic  e n e r g y  in  o r d e r  to  fu n c t io n  
(Thomas, 1974a).
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Out In
Cl
H
HCO-
^  Na'
F ig . 1.3441 1
Proposed transm em brane ionic exchange mechanisms u n d e rly in g  pH  
reg u latio n  in  snail neurones (adapted  from  Thomas, 1977).
1.3442 pH REGULATION IN OTHER EXCITABLE CELLS.
In tra c e llu la r  pH re g u la tio n  in  snail neurones (Thomas, 1974b; 1976a; 
1977), squid axons (Boron and Russell, 1983) and barnacle muscle 
(Boron, McCormick and Roos, 1981) appear to have the same ionic  
requirem ents and, b y  in fe ren ce , a sim ilar u n d e rly in g  mechanism. Not 
a ll in v e rte b ra te s  have the same re g u la to ry  mechanism. Moody (1981) 
rep o rted  th a t c ra y fis h  neurones respond in  a sim ilar way to snail 
n e u ro n es  to acid  load i.e . in t r a c e l lu la r  a c id i f ic a t io n  w ith  a s low  
reco very . This re c o v e ry  was dependent upon ex te rn a l Na+ and HCOa”. 
Removal of HCGr slowed the  re co v e ry  b u t d id  not abolish i t  whereas  
rem oval of Na+ almost to ta lly  blocked the reco very . Application of 
SITS slowed the ra te  o f re c o v e ry  to th a t u su ally  observed in  HCO3 - -  
fre e  R inger. In  ad d itio n , S ITS  elim inated the  dependence of the  ra te  
of re c o v e ry  on e x te rn a l HCO3 " w h ic h  s u g g e s ts  tw o  in d e p e n d e n t  
reg u la tin g  mechanisms. F ig . 1.3442 1 shows schem atically the lin ked  
H*-Na+ and C1"-HC03" system  a n d , in  a d d it io n ,  a d i r e c t  H + -N a+  
exchange (Moody, 1981).
From the lite ra tu re  i t  seems th a t pH reg u la tio n  in  a v a r ie ty  o f 
animal cells can be achieved b y  a combination o f ionic mechanisms ( 
fo r  rev iew  see Thomas, 1984). In  summary, th e re  a re  th re e  basic 
mechanisms shown in  F ig . 1.3442 2 as a schematic rep resen ta tio n  
a d a p te d  fro m  T h o m a s  (1 9 8 4 ) .  V a r io u s  p r e p a r a t io n s  e m p lo y  a 
combination of systems to re g u la te  in tra c e llu la r  pH.
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Out In
Cl
+H
HCÜ3"
Na"*”
Na^
P ig. 1.3442 1
Proposed transm em brane ionic exchange mechanisms u n d e rly in g  pH 
regu lation  in  c ray fis h  neurones (adapted  from  Moody, 1981).
Out In
Snail neurones 
Squid axon 
Barnacle muscle
Salamander kidney 
Mammalian fibroblast 
Lymphocytes
Crayfish neurones
— Mammalian muscle
F ig . 1.3442 2
Possible combinations o f the  th re e  basic mechanisms u n d e rly in g  pH  
re g u la t io n  in  d i f fe r e n t  an im a l c e lls  (a d a p te d  fro m  T h o m as, R .C . 
1984).
1.4 THESIS IN CONTEXT.
The group In secta  contain more species th an  a ll the re s t of the  
animal kingdom p u t to g e th er. The enormous success o f th is  group has 
been a ttr ib u te d  to th e ir  d iv e rs ifica tio n  th ro u g h o u t the environm ent. 
The consequences o f th is  d iv e r s i f ic a t io n  h a v e  n o t a lw a y s  b e en  
b en ific ia l to m ankind. All o ver the  w orld  pest species destro y  vas t 
am ounts o f fo o d s tu ffs  c au s in g  s ig n if ic a n t  s o c ia l a n d  econom ic  
hard sh ip . In  an a ttem pt to contro l the  situation  pesticides have  
been used extens ive ly . This has resu lted  in  reduced e ffectiveness of 
th ese  a g en ts  because some spec ies  d e v e lo p  re s is ta n c e  to  th e m . 
Although the use of pestic ides is not the  on ly  w ay to contro l insect 
pests, th ey  are  re la tiv e ly  cheap, easily  obtainable and o ffe r  some 
p ro te c tio n  and w ill th u s  c o n tin u e  to  be w id e ly  u s e d . T h e re  is ,  
th e re fo re , an in c re a s in g  in te r e s t  show n b y  th e  m u lt in a t io n a l  
companies in  the developm ent of b io logically  and ecologically safe, 
e ffe c t iv e  in s e c t ic id e s .
Most insectic ide compounds a ffe c t the  c en tra l nervous system. 
S u rp ris in g ly  lit t le  is known about the  neurobiology of insects. They  
have been used in  the  s tu d y  o f the  neurobio logy of behaviour (Hoyle, 
1 9 7 7 ) th o u g h  i t  w as  n o t  u n t i l  th e  la t e  196 0 s  t h a t  th e  f i r s t  
in t r a c e llu la r  re c o rd in g s  w e re  m ade fro m  in s e c t  CNS (C a lle c  a n d  
Boistel, 1967; K e rku t, P itm an and W alker, 1968). In s ec t pharm acology  
and n e u ra l b io p h y s ic s  a re  r e la t iv e ly  n e g le c te d  f ie ld s  w h ic h  a re  
c u rre n t ly  ga in ing  special in te re s t.
A p art from  the app lied  n a tu re  o f the  c u rre n t research , insect 
neuroscience o ffe rs  in te re s tin g  challenges in  its  own r ig h t. To w hat 
exten t is the  d iv e rs ity  o f insects re flec te d  in  the  organisation  o f 
th e ir  nervous systems? Do insects possess ch arac te ris tics  which are  
pecu lia r to th is  g roup  and how sim ilar a re  th ey  to o th e r groups?  
Thorough pharm acological and b iophysical investiga tions  are  re q u ire d
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in  o rd e r to answ er these questions.
Most in s ec t m otoneurone c e ll b o d ie s  a re  in e x c ita b le  i .e .  th e y  
can not sustain action potentia ls  b u t may be enabled to do so u n d er a 
v a r i e t y  o f  e x p e r im e n t a l  c o n d i t io n s .  In  o r d e r  to  m o re  f u l l y  
u n d erstan d  the basis of th is  in e xc ita b ility  and its  im plications th is  
s tu d y  has focussed on outw ard  c u rre n ts  and, in  p a rtic u la r  potassium  
c u rre n ts  which are  most l ik e ly  to c a rry  a m ajor p a r t  of the outw ard  
c u rre n t in  these motoneurones. From the  lite ra tu re  c ited  above i t  
may be seen th a t th e re  a re  many types  and s u b -ty p e s  of potassium  
ch an n e ls  and assoc iated  c u r r e n ts  w h ic h  can  p r o v id e  a ra n g e  o f  
conditions necessary fo r  the fin e  ad justm ent of a celFs excitable  
s ta tu s . In  c o n te x t, th is  th e s is  is  p re s e n te d  as an  a t te m p t  to  
u n d ers tan d , in  a m echanistic w ay, the ionic basis o f insect neura l 
e xc ita b ility  and the ways in  w hich i t  can be a lte re d . The aims of 
th is  thesis were:
i) To c h a ra c te r is e , in  te rm s  o f c la s s ic a lly  d e s c r ib e d  
o u tw a rd  c u r re n ts ,  th e  m acro sco p ic  io n ic  c u r r e n t s  in  an  
id en tified  insect motoneurone of the  cockroach, P erip laneta  
americana,
Ü) To in ves tig a te  the  neurone*s e xc ita b ility  a fte r  acute  
and c h ro n ic  p ro c e d u re s  w h ic h  a re  k n o w n  to  a f f e c t  th e  
e lectrica l ch arac te ris tics  o f o th er insect neurones.
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2. METHODS AND MATERIALS.
2.1 ANIMALS.
2.11 M aintenance and Dissection.
A lab o ra to ry  c u ltu re  o f P erip lan eta  am ericana  was m aintained a t 27*C 
in  p lastic  conta iners . The animals w ere supplied w ith  w ater and fed  
m oist dog food tw ic e  w e e k ly . W hen n e c e s s a ry  th is  s to c k  w as  
supplem ented w ith  animals obtained from  Blades Biological (K ent). 
A ll experim ents w ere perform ed on a d u lt males. For the dissection, 
animals w ere beheaded and p inned v e n tra l surface  upperm ost on a 
S ylg ard  dish. The v e n tra l n e rve  cord was then  exposed and dissected  
out in to  normal cockroach saline (See APPENDIX I  fo r  composition of 
salines). Dissections w ere perform ed u n d er a Kyowa zoom b inocular 
microscope (70X -  45X).
For e lectrophysio logical w o rk  the n e rve  cord was positioned on 
a small b lack p lastic  slide (10 X 250mm) w ith  the  m etathoracic ganglion  
dorsal side upperm ost on an A ra ld ite  r id g e  (F ig  2.11 1). Both ends  
of the n erve  cord w ere secured w ith  p lastic  bands. Once firm ly  
positioned, one or two drops of 4% m ethylene blue w ere applied to the  
g a n g lio n  s u rfa c e  in  o rd e r  to v is u a lis e  th e  s h e a th  b e fo re  i t  was  
m echanically removed from  the a n te r io r  p o rtio n  of the ganglion. The  
p re p a ra t io n  was th e n  im m e d ia te ly  t r a n s f e r r e d  to  th e  P e rs p e x  
experim ental chamber.
2.12 Anoxia experim ents.
Animals w ere placed in  a sealed conta iner w ith  a moistened cotton  
wool ball then  gassed w ith ' 100% carbon dioxide. A fte r  two hours  
exposure to CO2  the  animals w ere rem oved and allowed to recover in  
in d iv id u a l boxes supplied w ith  food and w ater a t 27“C. Between 12 
and 24 hours, th e re a fte r , in d iv id u a ls  w ere rem oved and dissected fo r  
electrophysio log ical in ves tig a tio n  as described above.
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The p rep ara tio n  slide showing A.) fro n t and B.) side views of the  
r id g e  over which the n e rve  cord was placed and secured on e ith e r side 
by p lastic  bands.
2.13 Axotomy experim ents.
O perations w ere perform ed u n d e r a Kyowa binocular zoom microscope in  
a Bassaire lam inar flow cab inet. Before each op eratin g  session the  
fan  was tu rn e d  on fo r  15 to 20mins. and the inside of the cab inet and  
microscope swabbed w ith  e thanol (96%). A ll d issecting ins trum ents  
and re s tra in in g  pins w ere steeped in  ethanol (96%) conta in ing  1% 
l iq u id  sava lo n  and s te r il is e d  in  a m e th y la te d  s p i r i t  f la m e  b e fo re  
use.
Anim als w ere  l ig h t ly  a n a e s th e tis e d  w ith  CO2  a n d  r e s t r a in e d  
v e n tra l surface upperm ost on a S y lg ard  dish. CO2  was adm in istered  
th ro u g h o u t the experim ent in  o rd e r to m aintain anaesthesia. A small, 
u n ila te ra l incision was made around the  m etathoracic basisternum  and  
a n te co x ite  le a v in g  th e  a n te r io r  e d g e s  in t a c t .  T h is  c u t ic u la r  f la p  
was then  pulled back to expose the trach ea l system o v e rly in g  the  
m e ta th o rac ic  g an g lio n . The  p o s te r io r  re g io n  o f th e  g a n g lio n  w as  
cleared of trachea l tubes, care  being , taken  to minimise d is ru p tio n . 
N e rve  4 was th e n  c u t 2-3m m  d is ta l to  th e  g a n g lio n  u s in g  m ic ro  
scissors (John Weiss & Sons L td .) . N erve 4 lies s lig h tly  a n te r io r  
and dorsal to  the larg e  n e rve  5 to w hich it  is connected b y  a small 
isthm us near the ganglion. One drop  of cockroach saline conta in ing  
a n tib io t ic  (1% K anam ycin) was a p p lie d  to  th e  w o u n d  b e fo re  th e  
c u ticu la r fla p  was replaced . A small section of w in g -tip  was th en  
placed o ver the wound and sealed around its  edge w ith  molten low  
m elting p o in t p a ra ffin  wax. Animals w ere then  allowed to reco ver in  
in d iv id u a l boxes supplied w ith  food and w ater a t 27“C. Between 4 and  
6 days th e re a fte r , animals w ere  k illed  and th e ir  n erve  cords removed  
and p rep ared  fo r  e lectrophysio log ical record ing .
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2.2 ELECTROPHYSIOLOGY.
2.21 Experim ental Chamber.
The e x p e rim e n ta l ch am b er (F ig . 2 .21  1) c o n ta in e d  c ir c u la t in g
oxygenated sucrose (100 mM) saline (APPENDIX I ) .  P ure oxygen (HOC) 
was bubbled th ro u g h  a narrow  tube positioned in  the  r ig h t  hand  
co m p artm en t o f th e  ch am b er. T h e  r is in g  O2  b u b b le s  s e tu p  an  
a n tic lo c k w is e  c irc u la t io n  o f th e  s a lin e  a ro u n d  th e  p r e p a r a t io n .  
Saline could be g ra v ity  fed , and a surface suction apparatus  ensured  
a constant bath volume of 2ml.
The bath e lectrodes w ere connected to the experim ental cham ber 
v ia  an A gar b rid g e . This arrangem ent enabled the  superfusate  in  the  
main cham ber to  be ch an g ed  w ith o u t d is t u r b in g  th e  e le c t r o ly t ic  
environm ent of the  bath e lectrodes. A ll bath  electrodes w ere made 
from  s ilv e r w ire  (1mm diam eter) and beaten in to  a f la t  spade-shape  
(approxim ately 2mm w ide) in  o rd e r to increase the conducting surface  
a rea . E le c tro d e s  w ere  e le c tr ic a l ly  c o a te d  w ith  c h lo r id e  u s in g  IM  
potassium  c h lo r id e  and a 9V b a t te r y .  T h is  p r e v e n te d  e le c t r ic a l  
p o la r is a tio n  o f th e  e le c tro d e s  an d  th u s  a llo w e d  th e  r e c o r d in g  o f  
s tab le  p o te n t ia ls .
2.22 In tra c e llu la r  In s tru m en ta tio n .
M icrolectrodes w ere positioned in  the bath  us ing  a p a ir o f P rio r  
m ic ro m a n ip u la to rs  f i t t e d  w ith  re d u c t io n  d r iv e s  in  tw o  o r th o g a n a l  
horizonta l planes. The p rep ara tio n  was illum inated  us ing  a beam from  
a microscope lamp (W. Watson and Sons LTD.) located outside the  
F a ra d a y  cage, w h ich  re f le c te d  o f f  a m ir r o r  in s id e  th e  cag e  a n d  
focussed down onto the  p re p ara tio n  by a movable convergent lens (F ig
2.22 1). Once the  p re p ara tio n  was in  the b a th , a b inocular zoom 
m icroscope (N iko n ) could  be sw u n g  in to  p o s it io n  in  f r o n t  o f i t ,  
allow ing the  p re p ara tio n  to be v iew ed h o rizo n ta lly  a t a m agnification  
range of 18X -  80X.
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M icropipettes w ere draw n  from  1mm in te rn a l diam eter th in -w a lle d  
filam ent glass (C lark  Electrom edical In s tru m en ts ) on a N arishige P E-2  
v e r t ic a l  e le c tro d e  p u lle r .  The  m ic ro p ip e tte s  w e re  f i l le d  w ith  4M  
potassium acetate. Recording m icroelectrodes had a resistance of 
betw een 20-25 megohms w hile  the  c u rre n t-p a s s in g  electrodes w ere  
bevelled to a resistance o f 7 -10  megohms using  a lab orato ry-m ade  
b e v e lle r .
Both m icroelectrode holders w ere d ire c tly  attached to am plifie r 
headstages which in  tu rn  w ere connected outside the  Faraday cage to 
lab orato ry -m ade In tra c e llu la r  R ecording a m p lif ie r /b r id g e  systems 
(APPENDIX IIA ) .  A reed re la y  in  the  head stage enabled reco rd in g  or 
stim ulation v ia  the  in tra c e llu la r  m icroelectrodes.
Once the  p rep ara tio n  was positioned in  the  bath a fine  je t  of 
saline was m anually d irec ted  around the  area  o f cell 3 in  o rd e r to 
clear su rro u n d in g  g lia l cells. When the rounded p ro file  o f the n erve  
cell body was ev id en t, the  m icroelectrode tip s  w ere lowered in to  the  
sa lin e  and p o s itio n ed  o v e r  th e  c e ll  s u r fa c e . A t th is  s ta g e  an  
earthed  brass shield was c a re fu lly  placed above the bath between the  
m icroelectrodes to reduce capac ita tive  coupling . Before impalement, 
both m icroelectrodes w ere balanced th ro u g h  the  b rid g e  c irc u it. For 
double e lectrode experim ents the  bevelled m icroelectrode was f ir s t  
lo w ered  onto  th e  c e ll su face  u n t i l  a s u p e r f ic ia l  d e p re s s io n  w as  
e v id e n t. S ig n a ls  w ere  m o n ito red  on th e  o s c illo s c o p e  a n d  s u r fa c e  
contact w ith  the neura l membrane was ind icated  by  a small vo ltage  
deflection . A succession o f -20nA , 10ms d u ra tio n  c u rre n t pulses w ere  
applied to the m icroelectrode in  o rd e r to fa c ilita te  impalement w hich  
was characterised  b y  a sudden n eg ative  s h ift in  potentia l of -6 5  to -  
70mV.
All d ru g s  (APPENDIX I I I  A) w ere d ire c tly  applied to the r ig h t
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h a n d  c o m p a r tm e n t  o f  th e  e x p e r im e n t a l  c h a m b e r  a n d  a l l  d r u g  
concentrations re fe r  to the  fin a l bath  concentration . Drugs w ere  
dissolved in  norm al saline, w ith  the exception of verapam il which was 
in i t ia l ly  d is so lv ed  in  d is t i l le d  w a te r  to  p ro d u c e  a c o n c e n tra te d  
stock solution and th en  fu r th e r  d ilu ted  w ith  normal saline.
2.23 C u rre n t-d a m p .
U nder c u rren t-c la m p  the  b ioe lec tric  signals from  am plifie r I I  w ere  
d is p la y e d  on a D ual Beam T e k tro n ix  (5103N ) s to ra g e  o s c illo s c o p e . 
Applied c u rre n t was m easured using  a v ir tu a l earth  c u rre n t monitor o f 
switched gain (APPENDIX IIB ) and displayed on the second oscilloscope 
channel. C u rre n t was in jec te d  in to  the  cell using the re la y  c irc u it  
in  th e  h e a d s ta g e  o f  th e  f i r s t  i n t r a c e l l u l a r  r e c o r d in g  s y s te m  
(am plifier I )  thus  bypassing the  reco rd in g  c irc u it (APPENDIX IIC ).
2.24 V o ltag e-d am p .
The o u tp u t from  am p lifie r I I  (reco rd in g  membrane po ten tia l) and a 
re fe re n c e  b a th  e le c tro d e  w e re  fed  in to  a d i f f e r e n t ia l  a m p li f ie r  to  
co rrec t fo r  an y  p o ten tia l d rop across the. bath  and agar b ridge . The  
o u t p u t  f ro m  th e  d i f f e r e n t i a l  a m p l i f ie r  w e n t  d i r e c t l y  in t o  th e  
vo ltag e-d am p  am p lifie r, designed b y  M. Thomas (APPENDIX I ID ). The  
voltage compliance o f th is  am plifie r was + /-1 0 0 V  in  o rd e r to achieve  
fas t voltage clamps w ith  la rg e  command pulses. The o u tp u t from  the  
v o l ta g  e -c la m p  a m p l i f ie r  w as  fe d  d i r e c t l y  in t o  th e  c u r r e n t  
m icroelectrode, bypassing th e  reco rd in g  am plifier (APPENDIX H E ).
2.25 C om puter-contro lled  Experim ents.
Command signals app lied  to the  in p u t o f the vo ltag e -d am p  am plifie r  
w ere  c o n tro lle d  v ia  a U N ILA B  in te r fa c e  (5 3 2 .0 0 1 ) a n d  a seco n d  
in te rfa ce  (designed and b u ilt  in  the  lab o ra to ry ) lin ked  to a BBC B 
series m icrocom puter (APPENDIX H E ). From the softw are a num ber o f 
experim ental command pulse regim es could be employed ( see F ig  2.25 
1):
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A. 25 positive  pulses seq u en tia lly  increm enting  by  +10mV 
from  the holding potentia l.
B. 25 pu lses  p o s it iv e  and  n e g a t iv e  fro m  th e  h o ld in g  
potentia l sequentia lly  increm enting  b y  + /-10m V.
C. A p o s itiv e  g o in g  p r e -p u ls e  (p u ls e  ( I ) )  im m e d ia te ly  
followed by a tes t pulse (pulse ( I ) )  to a more negative  
p o te n tia l. The te s t  p u lse  s e q u e n t ia l ly  in c re m e n t in g  b y  
+10mV.
2.26 Data C apture.
A ll c u r re n t -  and vo ltage-c lam p data w ere recorded on FM tape (AMPEX) 
using a RACAL Store 4DS re co rd e r. Data w ere subsequently  played back  
and in d iv id u a l responses photographed  from  the oscilloscope screen  
u s in g  a P ra c tic a  SLR b o d y  w ith  an o s c illo s c o p e  s c re e n  c o n v e r te r  
(Shackman In s tru m en ts  L td ), Kodak Kodalith o rtho  film  type 3 (35mm) 
was used and developed w ith  Ilfo rd  PQ U n iversa l developer according  
to APPENDIX IV , u n d e r a R attan  IB  safe lig h t.
C u rre n t measurements from  in d iv id u a l responses w ere obtained b y  
one of two methods. F irs t ly , fo r  regim es A and B, a menu d riv e n  
option enabled d ig itised  measurem ents to be sampled a t one o r more 
positions along the c u rre n t response. Data w ere then w ritte n  to d isk  
and la te r recalled  on screen or a h ard  copy obtained using a data  
read in g  program  designed fo r  each experim ental regim e. Secondly, 
ta il c u rre n t measurements obtained from  experim ental regim e C w ere  
taken  from  the  en larged  image o f the  film  negative.
Data from  some experim ents w ere p layed , v ia  the UNILAB in te rface  
in to  a BBC (Series B) m icrocom puter. This p rocedu re  was contro lled  
by the FASTAV (fas t s ignal ave ra g in g ) program  (UNILAB) which enabled  
e ith e r single c u rre n t traces or averaged  responses to be recorded.
Data w ere then  w r itte n  to d isk , o r a hard  copy obtained on a single
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Schematic rep resen ta tio n  o f th e  command pulse regimes: A.) 25 steps
positive  o f v a ria b le  d u ra tio n  successively  increm enting  b y  +10mV; 
B.) 25 steps positive  and n eg ative  o f v a ria b le  d u ra tio n  successively  
increm enting  by  + / -  lOmV; C.) a p re -p u ls e  (Pulse ( I ) )  o f v aria b le  
m agnitude and d u ra tio n  im m ediately followed b y  a te s t pulse (Pulse  
( I I ) )  to a more negative  p o te n tia l w hich successively increm ented by  
+10mV.
channel c h a rt reco rd er (JJ In s tru m en ts ).
2.27 Graphs.
C u r re n t-v o lta g e  re la tio n s h ip s  w e re  c o n s t r u c te d  on a T a n d o n  PCA  
com puter us ing  the  H arva rd  G raphics package (M icrosoft). The line  
g raph  option was selected w hich gave a cu rve  of best f i t  th ro u g h  the  
data po ints . Graphs w ere p lo tted  on a Gould C o lorw rite r (6120).
2.3 MORPHOLOGY.
2.31 Cobalt Dye In je c tio n s ,
F o r in t r a c e llu la r  s ta in in g , n e u ro n e s  w e re  im p a le d  w ith  a s in g le  
m icroelectrode filled  w ith  lOOmM hexammine cobaltic ch loride . Cobalt 
ions w ere ionophoretica lly  in jec ted  in to  the  cell, fo r  up  to 40mins., 
using +20nA DC generated  by  a constant c u rre n t source. C u rre n t was 
d e livered  d ire c tly  to the m icroelectrode us ing  the re la y  in  the p re ­
am plifie r headstage to bypass the  re co rd in g  c irc u itry . A fte r dye  
in jec tio n  the  p rep ara tio n  was rem oved from  the bath  and the slide  
th e n  w ashed  in  fre s h  sa lin e  fo r  lO m in s . b e fo re  t r e a tm e n t  w ith  a 
d ilu te  solution of ammonium su lph ide  in  saline (1 -2  drops o f ammonium 
sulphide in  5ml o f saline) fo r  up to ISm ins. This was perform ed in  a 
fume cupboard. The ammonium su lph ide  reacts  w ith  cobalt to produce a 
b lack  p re c ip ita te . A t th is  s ta g e  th e  s u p e r f ic ia l  c e l l  b o d y  w as  
fre q u e n tly  v is ib le  u n d er a b inocu lar microscope. Ganglia w ere then  
washed in  fre s h  saline (lOm ins.) and tra n s fe rre d  to a 1:1 solution of 
70% ethanol saline and saline fo r  lOmins. and then  fin a lly  to 70% 
ethanol saline. A t th is  stage the  p re p ara tio n  could be stored a t 4"C 
in d e f in ite ly  b e fo re  m oving  on to  th e  in te n s if ic a t io n  p r o c e d u re  
(APPENDIX V ).
A fte r  sta in ing  had been in te n s ifie d , the p re p ara tio n  was cleared  
in  h is to lo g ic a l c reo so te  and m o u n te d  in  C an ad a  b a lsa m , to  a llo w
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detailed examination u n d e r a compound microscope. Line draw ings w ere  
a ch ieved  u s in g  a p ro je c t io n  a tta c h m e n t on  a G i l le t t  an d  S ib e r t  
compound microscope. By rack in g  th ro u g h  the focal planes the 3 -  
dimensional b ran ch in g  p a tte rn  could be followed and traced  onto  
paper (a 2-dim ensional re p res e n ta tio n ).
In  o rd e r  to v is u a liz e  th e  3 -d im e n s io n a l d e n d r i t ic  b ra n c h  
p a tte rn , stereoscopic photographs of w hole-m ount stained p rep ara tio n s  
w ere taken. These w ere achieved us ing  a Le itz  lum inar lens w ith  a 
camera attachm ent connected to an autom atic exposure u n it (V ickers  
In s tru m en ts ). Recordak AHU M icrofilm  5460 (Kodak) was used and  
processed as in  APPENDIX IV. Stereoscopic views w ere achieved by  
t i l t in g  the  ad ap ted  specim en s ta g e , in  p a r a l le l  to  th e  c am e ra , 8 “ 
tow ard the le f t  and r ig h t. L e ft and r ig h t  pa ired  photographs w ere  
then  mounted ad jac e n tly  and viewed w ith  b inocular glasses.
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3. RESULTS.
3.1 m o r p h o l o g y .
Figs. 3.1 lA  and B show stereoscopic photographs and a corresponding  
lin e -d raw in g  of cell 3 (designated  b y  Cohen and Jacklet, 1967) from  
the m etathoracic ganglion  of the cockroach P erip laneta  americana. 
Cell 3 is b ila te ra lly  sym m etrical w ith  the cell body nestling  between  
the an te rio r connective (n e rve  1) and n erve  2. A small isthm us from  
n erve  2 lies across its  cell body (personal o b servation ). The cell
body is the la rg es t o f the  neurones in  th is area (approxim ately 7 0 -
80uM in  diam eter) and can be easily  d is tingu ished . The d en d ritic  
tre e  o f c e ll 3 is c o n fin e d  to  th e  ip s i la te r a l  n e u ro p ile  w h ile  i ts  
s in g le  axon leaves  th e  g a n g lio n  v ia  n e rv e  4. T h e  c h a r a c te r is t ic  
morphology of cell 3 allowed unequivocal id en tifica tio n .
Cell 3 is a " fa s t” motoneurone w hich in n erva tes  the  b ifu n c tio n a l 
basalar/coxal depressor muscle 177C (Carbonell, 1947). D u rin g  f l ig h t  
th is  muscle acts upon the  thorac ic  box to cause w ing depression  
(F o u rtn er and Randall, 1982). D u rin g  f lig h t the d is ta l p a r t  o f the
177C is held r ig id  b y  te tan ic  contractions of the  fem oral flexors ,
thus fa c ilita tin g  deform ation of th e  thoracic box. D u rin g  w alk ing  
th e  m uscle causes e x te n s io n  o f th e  fe m u r  (F o u r t n e r  an d  R a n d a ll,  
1982). The o r ig in  (f ix e d  en d ) o f  m uscle  177C o c c u rs  on th e  
episternum  and the in s e rtio n  (m oving end) on the tro ch an te r.
D uring  w alk ing  cell 3 is a s yn e rg is t o f cell 28 (designated b y  
Cohen and Jackle t (1967) and also term ed Df by  Pearson and lies  
(1 9 7 0 )), a n o th e r id e n t if ie d  " fa s t"  m o to n e u ro n e  lo c a te d  on th e  
g an g lio n ic  v e n t r a l  s u rfa c e , w h ich  in n e r v a te s  th e  c o xa l d e p re s s o r  
muscles 177D, 177E, 178 and 179 (Carbonell, 1947; Pearson and lies , 
1970) and causes extension of the coxal-troc  h an te ra i jo in t.
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F ig . 3 .1  1
Whole mount p re p ara tio n  o f a u n i la t e r a l  in t r a c e l lu la r  c o b a lt f i l l  o f  
c e l l  3 w ith in  the  m etathoracic  g an g lio n .
A. P a ired  stereoscopic  views o f  c e l l  3 showing th e  3-d im ensional 
d e n d r it ic  branch p a tte rn  co n fin ed  to  th e  ip s i la t e r a l  n e u ro p ile .  
Scale b ar: 0 .2  mm.
B. Corresponding l in e  drawing o f  th e  same p re p a ra tio n .
B ANT.
0.2mm
POST.
3.2 VOLTAGE-CLAMP
3.21 NET OUTWARD CURRENTS.
3.211 Normal cell response.
Holding the cell a t -70m V (near its  physiological re s tin g  po ten tia l 
of between -7 0  and -75m V) and successively increm enting the command 
steps by  +10mV produced a net ou tw ard  c u rre n t which developed  
s ig n ifican tly  a t potentia ls  more positive  than  -50mV. The maximal 
c u rre n t response fo r s h o rt d u ra tio n  command pulses increased in  an 
approxim ately lin ear m anner as the  command step approached +100mV 
(approxim ately). F u rth e rm o re , as +100mV was approached, a delay in  
the c u rre n t rise  was ev id e n t w here  the  c u rre n ts  laboured to a tta in  a 
maximal value (arrow head F ig . 3.211 lA i) . The delay in  the c u rre n t  
rise  began to develop around command potentia ls  of +30mV and can be 
seen in  Fig. 3,211 IB  (a rrow head) as a notch in  the r is in g  phase of 
the outw ard c u rre n t. As the  command poten tia l was increased beyond  
+90mV the c u rre n t rise  was fu r th e r  delayed u n til the response dropped  
to  a n e w , lo w e r  le v e l  b e fo r e  c o n t in u in g  to  r is e .  T h is  is  
illu s tra te d  in  Fig. 3.211 lA i w here  selected c u rre n t traces have been  
superim posed. The delayed rise  was no longer observed a fte r  the  fa ll  
in  c u r r e n t  resp o n se  b eyo n d  +90m V. N ote  t h a t  th e  s h ap e  o f th e  
c u rre n ts  before and a fte r  th e  c u rre n t delay w ere d iffe re n t. The  
fo rm er showed some in a c tiv a tio n  w hereas the  la t te r  appeared not to  
show inactiva tion  and g ra d u a lly  increased fo r  the d u ra tio n  of the  
command pulse (100ms).
C u rre n t measurements ta k en  a t 50ms in to  the  command pulse  
produced an N -shape I - V  re la tio n sh ip . In  o rd e r to standard ise  the  
descrip tion  of forthcom ing I - V  g raphs F ig. 3.211 2A shows a ty p ic a l 
I - V  cu rve  w ith  the designated reg ions.
Fig. 3.211 2B shows an I - V  re la tio n sh ip  from  a norm al v o ltag e -  
clam p ru n  w ith o u t a n n o ta tio n , th e  o u tw a rd  c u r r e n t  d e v e lo p e d  a t
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potentia ls  more positive  th an  -50m V. A fte r a slow s ta r t  the  c u rre n ts  
increased in  a lin ea r m anner g iv in g  rise  to the low er arm of the  
cu rve . In  th is  experim ent th e  chord conductance (taken  between OmV 
and +50mV) was 26juS in  norm al saline. The hump ty p ic a lly  peaked  
between 3.0 and 4.0juA betw een command potentia ls  o f +80 to +130mV 
(F ig . 3.211. 2B). The exact position and m agnitude of the N -shape  
v arie d  between p rep ara tio n s . In  th is  experim ent the  m agnitude of 
the negative  conductance reg io n  was 1.3uA and had a chord conductance  
(betw een +90mV and +100mV) o f lOOuS in  normal saline. A fte r going  
th ro u g h  the negative  conductance reg io n  and reach ing  the tro u g h  the  
c u rre n ts  began to increase once more g iv in g  rise to the u p p er arm of 
the cu rve . The increase in  c u rre n ts  in  the u p p er arm was not lin ea r  
and in  many experim ents was s u b jec t to increase p a rtic u la r ly  a fte r  
superfusion  w ith  saline.
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17090
IpA lOOmV
I I 50ms
-70mV
F i g .  3 . 2 1 1  l A
Net outward c u rre n ts  evoked by d e p o la ris in g  command s teps.
Command pulse d u ra tio n  100ms.
A i . Superimposed n e t-o u tw ard  c u rre n t responses. S e lec ted  command 
p o te n t ia ls  shown on th e  r i g h t .  S in g le  re s p o n s e  to  a command 
p o te n t ia l  o f  +90mV shows’ th e  d e la y e d  r i s e  t im e  o f  th e  o u tw a rd  
c u r re n t  (a rro w h e a d ). Arrows d e n o te  th e  p o s i t io n  o f  c u r r e n t  
measurements (50ms) and graphed in  2B.
A i i . Corresponding v o lta g e  steps which evoked th e  c u rre n ts  in  A i . 
Holding p o te n t ia l :  -70mV.
B— %—
- 3 0 -10 10 3 0 5 0
I p A
2ms
F ig . 3 .211  IB
Emergence o f the delayed c u rre n t r is e  o f th e  n e t outward c u rren ts
S e lec ted  c u rre n t responses taken  a t  command p o te n tia ls  o f  -3 0 , -1 0 ,  
+10, +30 and +50mV, Expanded tim e-base o f  c u rren ts  shown in  A i .  
Arrowheads denote th e  emergence o f  the  delayed r is e  tim e around  
p o te n t ia ls  o f  +20 to  +30mV. The d e la y  in c re a s e d  w ith  f u r t h e r  
d e p o la r is a t io n .
Holding p o te n t ia l:  -TOrnV,
Current (jjA) Upper arm
Lower arm
H u m p ^
/  Negative 
conductance 
region
TroughHump
activation
200160100-6 0 0 60-100
Command Potential (mV)
F ig . 3 .211 2A
A ty p ic a l N-shape I - V  re la t io n s h ip  showing th e  designated reg ions o f  
the  c u rve .
The l in e a r  increase in  c u rre n ts  g ives  r is e  to  th e  low er arm o f  th e  
curve which increases to  a maximum c a lle d  th e  peak o f th e  hump. The 
p o s itio n in g  o f  th is  hump along th e  v o ltag e  a x is  is  c a l le d  th e  hump 
a c t i v a t i o n .  The c u r r e n t  th e n  d e c l in e s  th r o u g h  a n e g a t iv e  
conductance re g io n  to w ard  a t ro u g h . T h e r e a f t e r  th e  c u r r e n t  
increases in  a n o n -lin e a r  manner g iv in g  r is e  to  the  upper arm o f  th e  
curve.
Current (|jA)6 r
4 -
3 -
2 -
e e
-6 0-100 0 60 160100 200
Command Potential (mV)
F ig . 3 .211 2B
I - V  re la t io n s h ip  fo r  th e  n e t outward c u rre n ts .
The outward c u rren ts  s ig n if ic a n t ly  developed a t  p o te n t ia ls  g re a te r  
than -50mV and increased  l in e a r ly  toward a maximum o f  3.2uA around a  
command p o te n t ia l  o f  +90mV. A t p o te n tia ls  more p o s it iv e  than +90mV 
th e  c u rre n ts  r a p id ly  d e c lin e d  to w a rd  a tro u g h  a t  +110mV b e fo r e  
continu ing  to  in c re a se .
Arrows denote p o s it io n  o f  s e le c te d  c u rre n t responses: 0 , +50, +80, 
+110 and +170mV.
3.212 Recording s ta b ility .
Most o f the pharm acological experim ents w ere completed w ith in  one 
hour. Impalements could, how ever, be m aintained fo r  much longer and  
an  N -s h a p e  I - V  r e la t io n s h ip  s t i l l  o b s e r v e d .  T h e  e x p e r im e n t  
i l lu s tra te d  in  F ig . 3.212 lA  fo llo w s  th e  c u r r e n t  re s p o n s e  o v e r  a 
th re e  hour impalement. Selected c u rre n t responses show th a t d u rin g  
th is  time the  ac tiva tio n  of the  delayed rise  time occurred  a t more 
n egative  potentia ls  and the c u rre n ts  w ere increased a t more positive  
potentia ls. This produced a -35mV s h ift in  the activa tio n  o f the  
hump together w ith  a decline in  the  peak c u rre n t b y  approxim ately  
0.5uA and an increase in  the c u rre n ts  associated w ith  the u p p er arm  
of the cu rve  (F ig . 3.212 IB ). F u rth erm o re , in  th is  experim ent the  
s h ift in  the negative conductance reg ion  of the I - V  re la tionsh ip  had 
reached a s tead y -s ta te  w ith in  120mihs. C u rren ts  in  the u p p er arm  
region d id , how ever, show a s lig h t increase.
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F ig . 3 .212  lA
T h e  e f f e c t s  o f  a  l o n g  d u r a t i o n  i m p a l e m e n t  o n  t h e  n e t  o u t w a r d  
c u r r e n t s ,
S e l e c t e d  c u r r e n t  r e s p o n s e s  w e r e  t a k e n  a t  c o m m a n d  p o t e n t i a l s  o f  0 ,  
+ 5 0 ,  + 1 1 0 ,  e in d  + 1 8 0 m V  a f t e r  0 ,  6 0 ,  a n d  I S O m i n s .  i m p a l e m e n t .
W i t h i n  1 8 0 m i n s .  t h e r e  w a s  v e r y  l i t t l e  c h a n g e  i n  t h e  o v e r a l l  
m a g n i t u d e  a n d  s h a p e  f o r  c u r r e n t s  a t  c o m m a n d  p o t e n t i a l s  0  a n d  + 5 0 m V .  
F o r  c u r r e n t s  t a k e n  a t  c o m m a n d  p o t e n t i a l s  o f  + 1 1 0  t h e r e  w a s  a n  
o v e r a l l  d e c l i n e  i n  m a g n i t u d e  d u r i n g  t h e  f i r s t  1 2 0 m i n s .  o f  t h e  
e x p e r i m e n t .  W h i l e  c u r r e n t s  a t  a  c o m m a n d  p o t e n t i a l  o f  1 8 0 m V  
i n c r e a s e d .
A r r o w  d e n o t e s  t h e  p o s i t i o n  o f  c u r r e n t  m e a s u r e m e n t s :  5 0 m s .
Current (|jA)6 r
4 -
160 2000 60 100-100 -5 0
Command Potential (mV)
F ig . 3 .212  IB
The e f fe c t  a long d u ra tio n  impalement on the  I - V  re la t io n s h ip .
Curves rep resen t tim e Omins. (s o lid  l i n e ) ,  a f t e r  60mins, (dashed 
l in e )  and a f t e r  ISOmins. impalement (d o tte d  l i n e ) .
W ith in  ISOmins, th e  hump g ra d u a lly  moved -35mV, and during  th is  tim e  
th e re  was a ls o  a 0,5pA red u ctio n  in  the  peak c u rre n t.
Arrows denote th e  p o s it io n  o f s e le c ted  c u rre n t responses: 0 , +50, 
+110 and +lSOmV,
3.213 L e a k a g e -c u rre n t co rrec tio n .
Non-specific  ion movement th ro u g h  vo ltag e-d ep en d en t channels in  
e ith e r  d ire c tio n  d u r in g  a command s te p  m ay  p ro d u c e  a le a k a g e -  
conductance w hich is time and vo ltag e-in d ep en d en t. The leakag e- 
c u r r e n t  is o fte n  sm all in  c o m p aris o n  to  th e  v o lta g e -d e p e n d e n t  
c u rre n ts  and can be su b trac ted  from  the net c u rre n t. In  cell 3 th is  
was achieved by  a p p ly in g  p o s itive  and negative  command steps of the  
same magnitude and d u ra tio n  and subsequently  summating the c u rre n t  
responses. This would rem ove a leakage component which was equal and  
opposite in  e ith e r command p o ten tia l p o la rity .
When th is  regim e was app lied  to cell 3, h yp erp o la ris in g  command 
potentia ls  more negative  th an  -200mV produced an in w ard  c u rre n t which  
ra p id ly  increased w ith  app lied  command steps and c u rre n ts  a t more 
positive potentia ls  w ere increased suggesting  some form  of membrane 
d eterio ra tion  (F ig . 3.213 lA ) . The I - V  cu rve  o f c u rre n t measurements  
taken  a t 50ms c le a rly  shows th e  la rg e  inw ard  c u rre n t a t more negative  
potentia ls. The hump in  the  I - V  re la tio n sh ip  was s till p resen t (F ig .
3.213 IB ) .
The corrected  c u rre n t responses showed the delayed c u rre n t rise  
and closely resem bled the  responses from  the  normal experim ental ru n  
(F ig . 3.213 2A). The co n tro l ru n  a t the outset of the  experim ent is  
r e fe r r e d  to  as th e  n o rm al e x p e r im e n ta l r u n .  A t p o te n t ia ls  m ore  
p o s itiv e  th a n  +130mV, h o w e v e r, th e  c o r r e c te d  o u tw a rd  c u r r e n t  
responses w ere reduced due to a la rg e  inw ard  c u rre n t flow d u rin g  the  
corresponding h yp erp o la ris in g  step. D u rin g  subsequent voltage-clam p  
ru n s  the outw ard  c u rre n ts  w ere  severe ly  depressed w ith  the N -shape  
reduced to a res id u a l peak around +20 to +30mV (F ig . 3.213 2B). The  
outw ard  c u rre n ts  rem ained suppressed u n til command potentia ls  more 
positive  than  +110raV caused a sharp  increase in  c u rre n t response. 
Command steps more p o s itive  th an  +150mV evoked c u rre n ts  in  excess of
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F ig . 3 .213 lA
The e f fe c t  o f  sym m etrical p o s it iv e  and n e g a tive  command pulses on 
the  n e t c u rre n t response.
S elec ted  sym m etrical c u rre n t responses to  p o s it iv e  and n eg ative  
command p o te n t ia ls  o f  0 /-1 4 0 , + 5 0 /-1 9 0 , + 8 0 /-2 2 0 , +100 /-240  and
+140/-280mV.
The cu rren ts  evoked from th e  p o s it iv e  command steps c lo s e ly  resemble 
c u rren ts  from th e  normal run between p o te n t ia ls  o f  -6 0  and +100mV. 
A t command p o te n t ia ls  more p o s it iv e  than tlOOmV, however, th e re  was 
an increase  in  outward c u rre n t . As command p o te n t ia ls  became more 
n eg ative  than -190mV a  s ig n if ic a n t  inward c u rre n t developed.
H old ing p o te n t ia l:  -70mV.
NORMAL POSITIVE NEGATIVE
0 /-1 4 0
5 0 /-1 9 0
80/-220
1 0 0 /-2 4 0
1 4 0 /-2 8 0
<=LL
50ms
n
mm
Current (gA)
- 2
- 4 '—  
-3 0 0 2000 100-2 0 0 -100
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F ig . 3 .213  IB
I - V  r e la t io n s h ip  o f  th e  n e t  c u r r e n t  re sp o n s e  to  s y m m e tr ic a l  
p o s it iv e  and n eg ative  command p u lses .
A t p o s it iv e  p o te n tia ls  th e  curve resembled a  normal run w ith  th e  
c h a ra c te r is t ic  N-shape, a lthough c u rren ts  in  th e  upper arm were 
la r g e r .  A t p o te n t ia ls  more n e g ative  than  -190mV a la rg e  inw ard  
c u rre n t was evoked.
F ig . 3.213 2A
The e f fe c t  o f  leakage c u rre n t c o rre c tio n  on th e  n e t outward c u rre n t .
S e lec ted  c u rre n t responses taken a t  command p o te n t ia ls  o f  0 , +50, 
+80, +100 and +140mV,
The c o r r e c t e d  ru n  c lo s e l y  r e s e m b le d  t h e  n o rm a l ru n  b e tw e e n  
p o te n t ia ls  o f  -60  and +100mV. T h e re a fte r  th e  response d e c lin e d  
accompanied by la rg e  inward t a i l  c u rre n ts . Subsequent vo ltag e-c lam p  
runs were c h a ra c te r is e d  by s e v e r e ly  re d u c e d  c u r r e n t s . Command 
p o te n tia ls  more p o s it iv e  than +100mV evoked ra p id ly  r is in g  outward  
c u rre n ts ,
Holding p o te n t ia l : -70mV.
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F i g .  3 . 2 1 3  2 B
T h e  e f f e c t s  o f  l e a i t a g e  c u r r e n t  c o r r e c t i o n  o n  t h e  I - V  r e l a t i o n s h i p .
C u r v e s  r e p r e s e n t  a  n o r m a l  r u n  ( s o l i d  l i n e ) ,  f o l l o w e d  b y  t h e  
c o r r e c t e d  r e s p o n s e  ( d o t t e d  l i n e )  a n d  f i n a l l y ,  a  n o r m a l  r u n  ( d a s h e d  
l i n e ) .
T h e  c o r r e c t e d  c u r v e  c l o s e l y  f o l l o w e d  t h e  n o r m a l  c u r v e ,  t h o u g h  t h e  
n e g a t i v e  c o n d u c t a n c e  r e g i o n  w a s  r e d u c e d  i n  p a r a l l e l  t o  t h e  n o r m a l  
r u n .  A t  p o t e n t i a l s  m o r e  p o s i t i v e  t h a n  + 1 4 0 m V  t h e  c o r r e c t e d  c u r r e n t  
r e s p o n s e  d e c l i n e d .  T h e  f i n a l  r u n  p r o d u c e d  s e v e r e l y  r e d u c e d  c u r r e n t s  
w i t h  a  r e s i d u a l  h u m p  a r o u n d  + 3 0 m V  a n d  c u r r e n t s  r i s i n g  s h a r p l y  a t  
p o t e n t i a l s  m o r e  p o s i t i v e  t h a n  + 1 1 0 m V .
A r r o w s  d e n o t e  t h e  p o s i t i o n  o f  s e l e c t e d  c u r r e n t  r e s p o n s e s  : 0 ,  + 5 0 ,  
+ 8 0 ,  + 1 0 0  a n d  + 1 4 0 m V .
the o rig in a l normal response.
In  view  of the  close adherence of the corrected  c u rve  to the  
uncorrected  cu rve  a t potentia ls  more negative  th an  +130mV, and the  
d is ru p tio n  o f s u b s e q u e n t c u r r e n t  re s p o n s e s , le a k a g e  c u r r e n t  
correction  was not ro u tin e ly  perform ed. In  add ition , F ig . 3.213 IB  
shows th a t the leakage c u rre n t betw een -180  and -70mV was small 
compared w ith  the larg e  v o ltag e -d ep en d en t conductance changes which  
occur a t potentia ls  more pos itive  th a n  -50mV.
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3.22 PHARMACOLOGICAL CHARACTERISATION OP THE NET OUTWARD
CURRENTS.
The outw ard c u rre n ts  w ere  th en  characterised  in  term s o f the th ree  
classical outw ard  c u rre n ts  ( I a  I k c b  and I k )  found in  a v a r ie ty  of 
prepara tions  (see section 1.22) and in  p a rtic u la r molluscan neurones  
(Thompson, 1977; Adams, Smith and Tompson, 1980). In  add ition , a 
p re lim in ary  search was made fo r  any chloride ion co n trib u tio n .
3.221 E a rly , fa s t tra n s ie n t c u rre n t.
In  molluscs the e a rly  fa s t tra n s ie n t c u rre n t, Ia, can be separated  
from  the la te  outw ard  c u ren ts  Ixca and Ik because o f its  d is tin c t 
kinetics  and pharm acology. Ia  is activated  a t more negative  command 
p o te n tia ls  th a n  I kcb  o r I k  (C o n n o r an d  S te v e n s , 1 9 7 1 b ) an d  is  
sensitive to am inopyrid ine blockade (Thompson, 1977).
3.2211 A lte r in g  th e  ho ld ing  poten tia l.
F ig . 3.2211 lA  shows the  e ffe c t o f a lte rin g  the  hold ing p o ten tia l on 
the activation  of outw ard  c u rre n ts . There was v e ry  lit t le  d iffe ren ce  
in  the shape of the c u rre n t response between Vh -9 0  and -70mV and the  
I - V  re la tionsh ip  fo r  both hold ing  potentia ls  superimpose (F ig . 3.2211 
IB ). I f  an e a rly  tra n s ie n t in a c tiv a tin g  outw ard c u rre n t sim ilar to 
I a were s ig n ific a n tly  p re s e n t in  th is  cell, hold ing a t -90m V and 
stepping to potentia ls  less negative  than -30mV would have been 
l ik e ly  to p ro d u c e  a fa s t  t r a n s ie n t  c u r r e n t  (C o n n o r an d  S te v e n s ,  
1971b). However, u n d e r those conditions th ere  was no evidence of a 
fa s t tra n s ie n t component in  cell 3 (F ig . 3.2211 lA ). As the holding  
potentia l became more p o s itive , i.e . approached -30m V, th e re  was an 
o vera ll red u ctio n  in  the o u tw ard  c u rre n t and I - V  re la tio n sh ip  w ith  a 
concomitant s h ift in  the ac tiva tio n  of the hump tow ard more negative  
potentia ls  (F ig . 3.2211 IB ) . In  add ition , holding a t -30m V activa ted  
a s ig n ifican t s te a d y -s ta te  c u rre n t which accounted fo r  the p ara lle l 
s h ift in the  low er arm of the  I - V  cu rve . In  e ffe c t the base line  had
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F ig . 3 .2211 lA
The e f fe c t  o f a lte r in g  th e  h o ld in g  p o te n t ia l  on th e  n e t outward  
c u r re n t .
S e lec ted  c u rre n t responses taken  a t  coimiand p o te n t ia ls  o f  -5 0 , 0 , 
+50, +90, +110 and +160mV.
There was no evidence fo r  an e a r ly ,  fa s t  t ra n s ie n t  c u rre n t component 
a c t iv a te d  by d e p o la r is a tio n  from a  h o ld in g  p o te n t ia l  o f  -9(inV to  
command p o te n t ia ls  le s s  p o s i t iv e  th a n  -50m V . H o ld in g  a t  more  
p o s it iv e  p o te n t ia ls  s h if te d  th e  de layed  c u rre n t r is e  toward more 
n e g ative  p o te n t ia ls .
Arrow denotes th e  p o s itio n  o f  c u rre n t mesisurements : 50ms.
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The e f f e c t  o f  a l t e r i n g  t h e  h o ld in g  p o t e n t i a l  on th e  I - V  
re la t io n s h ip .
Curves represent h o ld in g  p o te n t ia ls  o f  -9 0  and -70mV (superimposed 
s o lid  l i n e ) ,  -50mV (dashed l in e )  and -30mV (d o tte d  l i n e ) .
There was no s ig n if ic a n t  d if fe re n c e  in  c u rre n t values fo r  h o ld in g  
p o te n t ia ls  o f  -90  o r -70mV. As th e  ho ld in g  p o te n t ia l  became more 
p o s it iv e  th e  hump moved tow ard more n e g ative  p o te n t ia ls  and th e  peak 
c u r r e n t  was red u ced . H o ld in g  a t  -30m V a c t iv a t e d  a s i g n i f i c a n t  
s te a d y -s ta te  c u rre n t which re s u lte d  in  a p a r a l le l  re d u c tio n  o f  th e  
I - V  curve.
Arrows denote the  p o s it io n  o f  s e le c te d  c u rre n t responses : -5 0 , 0 , 
+50, +90, +110 and +160mV,
been ra ised .
3.2212 A m inopyridines.
Externa l application of n e ith e r  4-AP (5mM) nor 3,4-DAP (5mM) had a 
detectable e ffe c t on the  e a r ly  p ortion  of the c u rre n t response b u t 
caused the delayed c u rre n t rise  to occur a t more negative  potentia ls  
(F igs. 3.2212 lA  and 3.2212 2A re s p e c tive ly ). The corresponding  I -V  
re lationsh ips showed a red u ctio n  in  the  activa tion  of the  hump and a 
concomitant s h ift tow ard more n egative  potentia ls  (P ig 3.2212 IB  and
3.2212 2B). A t sim ilar concentrations 3,4-DAP was m arg ina lly  more 
e f f e c t i v e  t h a t  4 ,A P  in  s h i f t i n g  th e  I - V  r e la t io n s h ip .  T h e  
am inopyrid ines had on ly  a m inor e ffe c t on the c u rre n ts  in  the low er 
arm of the I -V  cu rve  In  some b u t not a ll p rep ara tio n s , how ever, 
am inopyridines caused a small increase in  c u rre n ts  associated w ith  
the lower arm of the c u rve  (not shown). The maximum c u rre n t increase  
was 0.25uA (w ith  5mM 4-A P ) w hich was restored  to normal a fte r  washout 
w ith  normal saline.
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F ig . 3 .2212 lA
The e f fe c t  o f  4-AP on the  n e t outward c u rre n t .
S e lec ted  c u rre n t responses taken  a t  command p o te n t ia ls  o f  0 , +50, 
+80, +120, and +160mV.
A fte r  20mins. 4-AP (5nW) had no s ig n if ic a n t  e f fe c t  on th e  c u rre n t  
response between command p o te n t ia ls  o f  -6 0  and +50mV. The delayed  
c u r r e n t  r i s e  d i d ,  h o w e v e r , o c c u r  a t  m ore  n e g a t iv e  command 
p o te n t ia ls .
H olding p o te n t ia l:  -70mV.
Arrow denotes th e  p o s it io n  o f  c u rre n t measurements : 50ms.
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F ig . 3 .2212 IB
The e f fe c t  o f  4-AP on th e  I - V  re la t io n s h ip .
Curves rep resen t normal run (s o l id  l in e )  fo llo w ed  by 1 Omins. 4-AP 
(5mM) (dashed l in e )  and f i n a l l y ,  2Omins. wash w ith  normal s a lin e  
(d o tte d  l i n e ) .
In  th is  experim ent 4-AP s h if te d  th e  hump -25mV and reduced th e  peak 
c u r r e n t  by 0 .6 juA. These e f f e c t s  w ere  p a r t i a l l y  re v e r s e d  a f t e r  
washing w ith  normal s a l in e .
Arrows denote the  p o s it io n  o f  s e le c te d  c u rre n t tra c e s : 0 , +50, +80, 
+120 and +160mV.
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The e f fe c t  o f  3,4-DAP on th e  n e t outward c u rre n ts .
S e lec ted  c u rre n t responses taken  a t  command p o te n t ia ls  o f  0 , +50, 
+80, +120 and +160mV.
W ith in  1 Omins. 3,4-DAP caused a s l ig h t  red u ctio n  in  c u rren ts  between 
command p o te n t ia ls  o f  -6 0  and +80mV and th e  de layed c u rre n t r is e  now 
occurred a t  more n e g a tive  command p o te n t ia ls .  These e f fe c ts  were 
p a r t i a l l y  reversed  a f t e r  1 Omins. wash w ith  normal s a lin e .
H olding p o te n tia l:-7 0 m V .
Arrow denotes th e  p o s it io n  o f  c u rre n t measurements: 50ms.
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The e f fe c t  o f  3,4-DAP on th e  I - V  re la t io n s h ip .
Curves rep resen t normal run (s o l id  l in e )  fo llo w ed  by 1Omins. 3,4-DAP  
(SiriM) (dashed l in e )  and f i n a l l y ,  1 Omins. wash w ith  normal s a lin e  
(d o tte d  l i n e ) .
In  th is  experim ent 3,4-DAP s h if te d  th e  hump -30mV and reduced th e  
peak c u rre n t by 0.9uA. C urren ts  in  th e  upper arm were a ls o  reduced. 
These e f fe c ts  were p a r t i a l l y  reversed  a f t e r  washing w ith  normal 
s a l in e .
Arrows denote the  p o s it io n  o f  s e le c te d  c u rre n t responses: 0 , 50, 80, 
120 and 160mV.
3.222 The in vo lvem en t o f calcium  in  the  o u tw ard  c u rre n ts .
The N-shape I - V  re la tio n sh ip  is ch ara c te ris tic  of a ca lc ium -dependent 
outw ard  c u rre n t o r ig in a lly  observed in  molluscan neurones (Meech and  
S ta n d en , 1974; 1975) and s u b s e q u e n tly  id e n t i f ie d  in  a n u m b e r o f  
d if fe r e n t  p re p a ra tio n s  (see sec tio n  1 .2 2 3 ) in c lu d in g  an  id e n t i f ie d  
insect motoneurone (Thomas, 1984). The involvem ent o f calcium in the  
n e t-o u tw a rd  c u r re n ts  o f c e ll 3 in i t i a l l y  in v o lv e d  a l t e r in g  th e  
e x te rn a l calc ium  ion  c o n c e n tra tio n  a n d  la t e r  u s in g  in o rg a n ic  a n d  
organic  calcium blockers and a toxin  b locker specific fo r  a s u b -ty p e  
o f  iKCa*
3.2221 A lte rin g  th e  e x te rn a l calcium  ion co n cen tra tio n .
In creas in g  the  ex te rn a l calcium ion concentration  between 4.5mM and  
36mM p ro d u ced  an in c re a s e  in  th e  n e t  o u tw a rd  c u r r e n t  re s p o n s e  
u n d e r ly in g  th e  d e lay e d  c u r r e n t  r is e  (F ig .  3*2221 lA ) .  T h is  w as  
observed on the correspond ing  I - V  cu rve  as an increase in  the peak  
hump c u rre n ts  and n egative  conductance reg io n  w ith  respect to the  
cu rve  a t normal calcium concentration  (9mM) (F ig . 3.2221 IB ). In  
th is  experim ent th e re  was a concomitant +20mV s h ift in  the activa tion  
of the hump from  +80mV to +100mV.
3.2222 In o rg a n ic  calcium  b lo ckers : Cd** and Mn*+.
C e rta in  p o ly v a le n t ca tio n s  e .g . Cd^+ a n d  Mn^+ c o m p e t it iv e ly  b lo c k  
calcium b ind ing  sites. In  these experim ents ex tern a l C d^ (Im M ) and  
Mn2* (5 mM) re v e rs ib ly  abolished the  c u rre n t u n d e rly in g  the delayed  
rise  (F igs. 3.2222 lA  and 3.2222 2A resp e c tive ly ) and consequently  
the hump in  the I - V  c u rve  (F igs. 3.2222 IB  and 3.2222 2B).
An activa tio n  c u rve  fo r  the  C d**- and Mn^^-sensitive c u rre n t  
component was d e riv e d  b y  s u b tra c tin g  the  c u rre n t values in  the  
presence of the  in o rg an ic  b lockers  from  the  norm al values before  
blockade. The c u rv e  had a b e ll shape (F igs. 3.2222 10 and 3.2222 20) 
w ith  a peak between +100 and +130mV. In  th is  experim ent cadmium also
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F ig . 3 .2221 lA
The e f fe c t  o f  a l t e r in g  th e  e x te rn a l calcium  io n  c o n cen tra tio n  on th e  
n e t outward c u rre n ts .
S e lec ted  c u rre n t responses taken  a t  ccmmand p o te n t ia ls  o f  0 , +50, 
+90, +130 and +160mV.
In creas in g  th e  e x te rn a l calc ium  io n  co n cen tra tio n  from 4.5mM to  
36.0mM caused an in c re a s e  in  o u tw a rd  c u r r e n t s  a ro u n d  command 
p o te n tia ls  o f  +90mV and s h if te d  th e  delayed c u rre n t r is e  to  more 
p o s it iv e  p o te n t ia ls .
H olding p o te n t ia l:  -70mV,
Arrow denotes th e  p o s it io n  o f  c u rre n t measurements: 50ms.
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F ig . 3 .2221 IB
The e f fe c t  o f  a l te r in g  th e  e x te rn a l calcium  io n  co n cen tra tio n  on th e  
I - V  re la t io n s h ip .
Curves represen t e x te rn a l calc ium  concentra tions  o f  4 .5  (d o tte d  
l i n e ) ,  9 .0  (s o lid  l in e )  and 36.0mM (dashed l i n e ) .
In c reas in g  th e  calc ium  io n  c o n cen tra tio n  caused a +20mV s h i f t  in  th e  
hump and an increeuse in  asso c ia ted  c u rre n ts . The magnitude o f  th e  
n eg ative  conductance re g io n  was a ls o  increased .
Arrows denote p o s it io n  o f  s e le c te d  c u rre n t responses: 0 , +50, +90, 
+130 and +160mV.
F ig . 3 .2222 lA
The e f fe c t  o f  cadmium on the  n e t outward c u rre n t .
S e lec ted  c u rre n t responses taken a t  ccmsnand p o te n t ia ls  o f  0 , +50, 
+100, +130 and +160mV.
W ith in  lO m ins. cadmium (ImM) c o m p le te ly  a b o l is h e d  th e  c u r r e n t  
u n d e r ly in g  th e  d e lay e d  r is e  and cau sed  an o v e r a l l  r e d u c t io n  in  
outw ard c u r r e n ts .  These e f f e c t s  w ere  p a r t i a l l y  r e v e rs e d  a f t e r  
25mins. wash w ith  normal s a lin e .
Holding p o te n t ia l:  -70mV.
Arrow denotes p o s it io n  o f  c u rre n t measurements : 50ms.
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The e f fe c t  o f  cadmium on th e  I - V  re la t io n s h ip .
Curves rep resen t normal run (s o l id  l in e )  fo llo w ed  by lOmins cadmium 
(ImM) (dashed l in e )  and f i n a l l y ,  a f t e r  25mins. wash w ith  normal 
s a lin e  (d o tte d  l in e ) .
Cadmium com plete ly  abo lished  th e  hump and reduced c u rren ts  in  the  
upper arm re g io n . These e f f e c t s  w ere  p a r t i a l l y  re v e r s e d  a f t e r  
washing w ith  normal s a lin e .
Arrows denote p o s itio n  o f  s e le c te d  c u rre n t responses: 0 , +50, +100, 
+130 and +160raV.
F ig . 3 .2222 10
The a c t iv a t io n  curve fo r  th e  cadm ium -sensitive  c u rre n t component.
The b e ll-s h a p e d  a c t iv a t io n  curve peaked around +100mV and had a 
p ro je c te d  v o lta g e  a x is  in te rs e c t  o f  between +150mV and +160mV.
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The e f fe c t  o f  manganese on th e  n e t outward c u rre n ts .
S e lec ted  c u rre n t responses taken a t  command p o n te n tia ls  o f  0 , +50,
+100, +120 and +160mV.
W ith in  lOmins. manganese (5mM) reduced c u rre n ts  between command 
p o te n t ia ls  o f  -6 0  and +80mV and ab o lish ed  th e  c u rre n t u n d erly in g  the  
delayed r is e .  These e f fe c ts  were reversed  a f t e r  lOmins. wash w ith  
normal s a lin e .
H olding p o te n t ia l:  -70mV
Arrow denotes p o s it io n  o f c u rre n t measurements: 50ms.
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The e f fe c t  o f  manganese on th e  I - V  r e la t io n s h ip .
Curves re p re s e n t norm al run  ( s o l i d  l i n e )  fo l lo w e d  by  lO m in s . 
manganese (5mM) (dashed l in e )  and f i n a l l y ,  a f t e r  lOmins. wash w ith  
normal s a lin e  (d o tte d  l i n e ) .
W ith in  lOmins. manganese reduced th e  hump to  a re s id u a l peak around 
+80mV. These e f f e c t s  were re v e rs e d  a f t e r  w ash in g  w i th  n o rm a l 
s a l in e .
Arrows denote p o s it io n  o f  s e le c te d  c u rre n t responses: 0 , +50, +100, 
+120 and +160raV.
F ig . 3 .2222 2C
The a c t iv a t io n  curve fo r  th e  manganese s e n s it iv e  c u rre n t component.
The b e ll-sh a p e d  a c t iv a t io n  curve peaked around +125mV and had a  
p ro je c te d  v o ltag e  a x is  in te rs e c t  o f  between +150mV and +160mV.
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suppressed a c u rre n t component a t more positive  potentia ls . This was 
not a consistent fe a tu re  o f Cd2+ blockade w here, in  some experim ents, 
the c u rre n ts  in  the u p p e r arm  reg io n  w ere unaffec ted  (compare w ith  
Fig . 3.2232 IB ). Consequently  the cadm ium -sensitive activation  cu rve  
began to rise  a t command potentia ls  more positive  than  140mV w hereas i, 
the m anganese-sensitive ac tiva tio n  cu rve  g ra d u a lly  declined. The  
m anganese-sensitive ac tiva tio n  c u rve  also has a shoulder between  
command potentia ls  o f 0 and +100mV whereas the cadm ium -sensitive  
cu rve  does not. Th is  could be a ttr ib u te d  to the  stage of blockade  
achieved by  manganese w ith in  lOmins. i.e . incomplete suppression of I 
the hump, ra th e r  th an  a d if fe re n t u n d e rly in g  blockade mechanism. In  
th is  p rep ara tio n  Cd^+ appeared  to be more e ffe c tive  in  abolishing the  
hump than  comparable concentrations of Mn*+.
T he  p ro je c te d  in te rs e c t  o f th e  v o lta g e  a x is  m ade b y  th e  
activa tion  curves  should re p re s e n t the  calcium equ ilib rium  p o ten tia l.
As the command p o ten tia l approaches the  calcium equ ilib rium  p o ten tia l 
the d r iv in g  force  on e x te rn a l should decrease and no more Ca2+
is able to e n te r the cell to ac tiva te  the outw ard  c u rre n t. For the  
cadm ium -sensitive component the  vo ltage in te rse c t was d iff ic u lt  to  
discern  because o f the  la te  rise  in  c u rre n ts  beyond the  command 
poten tia l o f +140mV. How ever, the  p ro jec ted  in te rse c t lay  betw een  
+150 and +160mV. The in te rs e c t o f the m anganese-sensitive component 
also lay  between +150 and +160mV , Th is  value  agrees closely w ith  
th e  in te rs e c t  a t  +140mV o f a s im ila r  c a lc iu m -d e p e n d e n t  o u tw a rd  
c u rre n t rep o rted  in  molluscan neurones (Meech, 1978). Some v a ria tio n  
m ay e x is t  b e tw e e n  p r e p a r a t io n s  a n d  t h is  r e la t e s  to  th e  t im e  
dependency o f c u rre n t measurem ents. For the  extrapolation  to be a 
more a c c u ra te  m easurem ent o f th e  c a lc iu m  e q u il ib r iu m  p o te n t ia l ,  
c u rre n t measurements ought to have been taken  a t the maximal c u rre n t
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1response d u rin g  a longer d u ra tio n  command pulse before and a fte r  
blockade.
3.2223 O rganic calcium b locker: verapam il.
A t low c o n c e n tra tio n s  (5 0 -2 0 0 u M ) th e  o rg a n ic  c a lc iu m  a n ta g o n is t  
verapam il hydroch loride  (5 -[(3 ,4 -D im eth o xyp h en e th y l)m eth y lam in o ]-2 - 
( 3 ,4 -d im e th o x y  p h e n y l) -2 - is o p ro p  y lv a le r o n i t r i l e  h y d r o c h lo r id e )  
abolished the  delayed c u rre n t rise  and caused an o v era ll red u ctio n  in  
the net outw ard  c u rre n ts  (F ig . 3.2223 lA ). For command potentia ls  
between +20 and +110mV the  block appeared to be tim e-depend ent. 
C u rre n ts  g ra d u a lly  fe l l  d u r in g  th e  com m and p u ls e  in d ic a t in g  an  
increased ra te  of in ac tiva tio n  fo r th e  rem aining c u rre n t (a rro w h ead ). 
Fig. 3.2223 2A shows th a t pro longed exposure to verapam il (lOOuM) 
caused a fu r th e r  increase in  in ac tiva tio n  of the  rem aining c u rre n t  
which was more ap p aren t fo r long d u ra tio n  command pulses. The hump  
of the I -V  cu rve  was reduced b u t not abolished (F ig . 3.2223 IB ) so 
th a t a residual hump rem ained around +70mV. Verapam il reduced the  
m agnitude of the negative  conductance reg ion  th e re b y  fla tte n in g  the  
cu rve . In  add ition , prolonged exposure to verapam il caused a g re a te r  
suppression of the  hump in  the  I - V  re la tionsh ip  (F ig . 3.2223 2B), 
leav ing  a small res id u a l hump around  command potentia ls  o f +30 to  
+40mV.
With prolonged exposure verapam il appeared to p a rtia lly  block  
not on ly  the calc ium -dependent c u rre n t  b u t also an add itional c u rre n t  
c o m p o n e n t. T o ta l  b lo c k  o f  th e  h u m p  w as  a c h ie v e d  a t  h ig h  
concentrations (200 -  500uM) b u t the block was th en  d iff ic u lt  to  
re ve rs e  and washout was o ften  accompanied b y  increased c u rre n ts  in  
the u p p er arm reg ion  of the  I - V  c u rv e  (not shown), suggesting  damage 
to the neuronal membrane.
3.2224 Toxin  Iica  b lo cker: apam in.
A pplication o f the bee venom toxin , apamin, a t concentrations up  to
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F ig . 3 .2223 lA
The e f fe c t  o f  verapam il on th e  n e t outward c u rre n t .
S e lec ted  c u rre n t traces  taken a t  command p o te n t ia ls  o f  0 , +50, +90, 
+110 and +160mV.
W ith in  35m ins. verapeim il (50uM) cau sed  an  o v e r a l l  r e d u c t io n  in  
c u rren ts  and increased th e  ra te  o f  in a c t iv a t io n  o f  th e  rem aining  
c u rre n t (arrowheads) p a r t ic u la r ly  between command p o te n t ia ls  o f 0 
and +110mV. In  a d d it io n , verapam il ab o lish ed  th e  de layed  c u rre n t 
r is e  and reduced the  asso c ia ted  c u rre n ts . These e f fe c ts  were
p s ir t ia l ly  reversed  a f t e r  20mins. wash w ith  normal s a l in e .
Holding p o te n t ia l:  -70mV.
Arrow denotes p o s it io n  o f  c u rre n t measurements: 50ms.
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The e f fe c t  o f  verapam il on th e  I - V  re la t io n s h ip .
Curves re p re s e n t norm al ru n  ( s o l i d  l i n e )  fo l lo w e d  b y  35m in s . 
verapam il (50uM) (dashed l in e )  and f i n a l l y ,  a f t e r  2Gmins. wash w ith  
normal s a lin e  (d o tte d  l i n e ) .
Verapam il caused an o v e r a l l  re d u c tio n  in  th e  outward c u rre n t and a  
s h i f t  in  th e  hump by -20mV. C urrents  u n d erly in g  th e  hump were 
reduced. These e f fe c ts  were p a r t i a l l y  reversed  a f t e r  washing w ith  
normal s a lin e .
Arrows denote the  p o s it io n  o f  s e le c te d  c u rre n t responses : 0 , +50, 
+90, +110 and +160mV.
F ig . 3 .2223 2A
The e f fe c t  o f  prolonged exposure to  verapam il on th e  n e t outward  
c u rre n ts .
S e lec ted  c u rre n t tra c es  taken a t  command p o te n t ia ls  o f  +50mV.
Prolonged exposure to  verapam il (lOOuM) caused a tim e-dependent 
suppression o f  the  outward c u rre n ts . Furtherm ore, th e  in a c t iv a t io n  
caused by verapam il was more apparent l a t e r  on in  th e  command pulse  
(arrow heads).
Arrow denotes the  p o s it io n  o f  c u rre n t measurements: 50ms.
NORMAL r
VERAPAMIL 20 
Cmins.) r
30
40
60
200ms
Current (pA)6
4
8
2
1
-5 0 O 5 0 150 200100
Command Potential (mV)
F ig  3 .2223 2B
The e f f e c t  o f  p r o lo n g e d  e x p o s u re  t o  v e r a p a m il  on th e  I - V  
re la t io n s h ip .
Curves rep resen t normal run (s o l id  l i n e ) ,  SOmins. (dashed l in e )  and 
60mins. verapam il (lOOuM) (d o tte d  l i n e ) .
Prolonged exposure to  verapam il caused a f la t te n in g  o f  th e  curve and 
a more complete b lo ck  o f  th e  hump, though a re s id u a l peak remained 
around +40mV.
Arrow denotes th e  p o s it io n  o f  s e le c te d  c u rre n t tra c e s : +50mV.
20uM o v e r TOmins. had l i t t le  e f fe c t  on th e  in d iv id u a l  c u r r e n t  
responses  (P ig . 3.2224 lA )  o r  th e  c o r re s p o n d in g  I - V  r e la t io n s h ip  
(F ig . 3.2224 IB ). T h ere  was a s h ift  in  the activa tio n  of the hump 
tow ard more negative  poten tia ls  w hich may be due to the  long d ura tion  
of the  impalement ra th e r  th an  an apamin e ffec t. The m agnitude of the  
negative  conductance reg io n  rem ained unaffec ted .
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F ig . 3 .2224 lA
The e f fe c t  o f  apamin on th e  n e t outward c u rre n t .
S e lec ted  c u rre n t responses taken  a t  ccmsnand p o te n t ia ls  o f  0 , +50, 
+100, +120 and +160mV.
W ith in  TOmins. apamin ( t o t a l  co n ce n tra tio n  20uM) caused very  l i t t l e  
chetnge in  th e  c u rre n t response though th e  de layed r is e  tim e was 
s h if te d  toward more n eg ative  p o te n t ia ls .
H old ing p o te n t ia l:  -TOmV
Arrow denotes the  p o s itio n  o f  c u rre n t measurements: 50ms.
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The e f fe c t  o f  apamin on th e  I - V  re la t io n s h ip .
Curves rep resen t normal run  (s o l id  l in e )  and 70mins. apamin ( t o t a l  
co n cen tra tio n  20uM) (d o tte d  l i n e ) .
During TOmins. apamin tre a tm en t th e re  was a -20mV s h i f t  in  th e  hump 
accompanied by a O.SuA re d u c tio n  in  peak c u rre n t.
Arrows denote the  p o s it io n  o f  s e le c te d  c u rre n t responses: 0 , +50, 
+100, +120 and +160mV.
3.223 L ate  delayed  o u tw ard  c u rre n t.
A lthough a m ajor p o rtion  o f the  outw ard  c u rre n t in  ce ll 3 has been  
d em o n stra ted  to be c a lc iu m -d e p e n d e n t, w h e n  i t  is  a b o lis h e d  b y  
inorgan ic  blockers a c u rre n t component remains w hich increases in  a 
n o n -lin e ar m anner as the command potentia ls  become more positive  (see 
F ig . 3. 2222 IB ). C lassically, TEA* has been re p o rte d  to block a 
late  outw ard  c u rre n t, I k ,  in  a v a r ie ty  of p rep ara tio n s  (see section  
1 .221), The s e n s it iv ity  o f th e  o u tw a rd  c u r r e n t s  to  e x t e r n a l ly  
applied TEA* was subsequently  in vestig a ted .
3.2231 TEA*
W ith in  20m ins., e x te rn a lly  a p p lie d  T E A *(B r“) (50m M ) c o m p le te ly  
abolished the c u rre n t component w ith  a delayed rise  and caused an  
o vera ll reductio n  of ou tw ard  c u rre n ts  (F ig . 3.2231 lA ). The hump in  
the I - V  re la tionsh ip  was reduced to a residua l peak around +30mV 
(F ig . 3.2231 IB ). The e ffec ts  w ere p a rtia lly  reve rsed  a fte r  20 mins. 
w ashout w ith  normal saline. Exposure to TEA* fo r  lOmins. showed
th a t  TEA* had fu r t h e r  slowed th e  c u r r e n t  r is e  b e tw e e n  com m and  
potentia ls  of +20mV and +50mV. There  was also a reductio n  in  the  
o vera ll c u rre n t response a t potentia ls  more positive  th an  +50mV (F ig .
3.2231 2A). W ithin 30mins. the c u rre n t component w ith  a delayed rise  
was to ta l ly  ab o lish ed  an d  th e  o v e r a l l  c u r r e n t  re s p o n s e  f u r t h e r  
reduced. The hump in  the  I - V  re la tio n sh ip  was abolished and c u rre n ts  
u n d e rly in g  the u p p er arm reg io n  w ere also reduced (F ig . 3.2231 2B).
The p ro p o rtio n  of to ta l outw ard  c u rre n t a ffected  by TEA* decreased as
more positive  potentia ls  w ere  reached. Compare the  low er arm reg ion  
of the c u rve  (betw een -20m V and +70raV) w ith  the u p p e r arm reg ion  
(betw een +120mV and +180mV). TEA* appeared to be less e ffe c tive  in  
blocking the  outw ard  c u rre n t a t more positive  potentia ls .
3.2232 Cadmium and TEA*.
By com paring the e ffec ts  o f TEA* w ith  th a t of the inorgan ic  blockers
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The e f fe c t  o f  TEA+ on th e  n e t outward c u rre n ts .
S e lec ted  c u rre n t responses taken  a t  command p o te n t ia ls  o f  0 , +50, 
+80, +100 and +160mV,
W ith in  20m ins. TEA* (50mM) had cau sed  an o v e r a l l  r e d u c t io n  in  
c u rre n ts  and abo lished  th e  c u rre n t u n d erly in g  th e  delayed r is e .  
These e f f e c t s  were p a r t i a l l y  r e v e rs e d  a f t e r  lO m in s . wash w i th  
normal s a lin e .
Arrow denotes the  p o s it io n  o f  c u rre n t measurements: 50ms.
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The e f fe c t  o f  TEA+ on th e  I - V  re la t io n s h ip .
Curves rep resen t normal run (s o l id  l in e )  fo llo w ed  by 20mins. TEA+ 
(BOrnM) (dashed l in e )  and f i n a l l y ,  lOmins. wash w ith  normal s a lin e  
(d o tte d  l i n e ) .
TEA*-induced suppression o f  th e  I - V  curve was p a r t i a l l y  re s to re d  
a f t e r  washing w ith  normal s a lin e
Arrows denote p o s it io n  o f  s e le c te d  c u rre n t responses: 0 , +50, +80, 
+100 and +160mV.
F ig . 3.2231 2A
The e f f e c t  o f  p ro lo n g ed  exposure  to  TEA* on th e  n e t  o u tw a rd  
c u rre n ts .
S elec ted  c u rre n t responses taken  a t  comnand p o te n t ia ls  o f  0 , +50, 
+90, +110 and +160mV.
W ith in  lO m ins,, TEA* (50mM) had increased  th e  d e la y  o f  th e  c u rre n t  
r is e  between commemd p o te n t ia ls  o f  +20 and  +50mV and cau sed  an  
o v e ra ll  red u ctio n  in  th e  c u rre n t response. A f te r  30 m ins. th e re  was 
a fu r th e r  o v e ra l l  red u ctio n  and complete a b o l it io n  o f  th e  c u rre n t  
underly ing  th e  delayed r is e .  In  a d d it io n , t a i l  c u rren ts  became more 
outward during  drug tre a tm en t.
Holding p o te n t ia l:  -70mV.
Arrow denotes the  p o s it io n  o f  c u rre n t measurements: 50ms.
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The e f fe c t  o f prolonged exposure to  TEA+ on th e  I - V  re la to n s h ip .
Curves re p re s e n t norm al ru n  ( s o l id  l i n e )  fo l lo w e d  by lO m in s . 
(dashed l in e )  and f i n a l l y ,  SOmins. TEA+ (50mM) (d o tte d  l i n e ) .
W ith in  SOmins. TEA+ caused a dram atic  o v e ra ll  red u ctio n  in  c u rre n ts ,  
e s p e c ia lly  between p o te n t ia ls  o f -20  and +110mV, and com plete ly  
ab o lish ed  the  hump.
Arrows denote p o s it io n  o f  s e le c te d  c u rre n t responses : 0 , +50, +90, 
+110 and +160mV.
Cd2+ and described above (see section 3.2222), TEA* appeared to
n o t o n ly  b lo ck  th e  c a lc iu m -d e p e n d e n t c u r r e n t  b u t  a lso  a f u r t h e r  
com ponent o f th e  o u tw a rd  c u r r e n t s .  To d e te rm in e  th e  c u r r e n t  
components which w ere blocked b y  TEA+, Cd^* (Im M ) was in itia lly  
applied to the p rep ara tio n  in  o rd e r to block the calc ium -dependent 
c u rre n t. As in  previous  experim ents (F ig . 3.2222 lA ), cadmium did  
abolish the c u rre n t u n d e rly in g  the delayed rise  time (F ig . 3.2232 lA ) 
and the corresponding hump in  the  I - V  re la tio n sh ip  was reduced to a 
res id u a l peak around a command p o ten tia l o f +90mV (F ig . 3.2232 IB ).  
Note th a t in  th is  experim ent C d^ d id  not reduce c u rre n ts  in  the  
u p p er arm of the c u rve  . Subsequent application  of TEA+ in  the  
presence of Cd2+ (Im M ) fu r th e r  depressed a p o rtion  of the outw ard  
c u r r e n t  ( F i g .  3 . 2 2 3 2  l A )  a n d  c a u s e d  a r e d u c t i o n  in  t h e  I - V  
re la tio n sh ip  which was almost p a ra lle l to th a t in  the presence of 
Cd2+ (F ig . 3.2232 IB ) .  These e ffec ts  w ere com pletely reve rs ed  a fte r  
SOmins. wash w ith  norm al saline. Even in  the  presence of Cd^ and  
TEA* th e re  was s till a res id u a l c u rre n t which s tead ily  increased in  a 
n o n -lin e a r m anner as command poten tia ls  became more positive . This  
suggests th a t the  re s id u a l c u rre n t was not solely a leakage c u rre n t  
and may re p res e n t incom plete channel blockade, a c u rre n t c a rried  by  
an other ion species o r a Cd** and T E A *-insens itive  potassium c u rre n t.
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F ig . 3 .2232 lA
The e f fe c t  o f  TEA* , in  th e  presence o f cadmium io n s , on the  n e t  
outward c u rre n ts .
S e lec ted  c u rre n t responses taken  a t  CŒnnand p o te n t ia ls  o f  0 , +50, 
+100, +120 and +160mV.
W ith in  15rains. Cd  ^+ (ImM) a b o lis h e d  th e  c u r r e n t  u n d e r ly in g  th e  
delayed r is e .  Subsequent a p p lic a tio n  o f  TEA* (25mM) fu r th e r  reduced  
a p o rtio n  o f  the  outward c u rre n t . Even in  th e  presence o f both  
b lo c k e r s  an  o u tw a rd  c u r r e n t  p e r s i s t e d  a n d  in c r e a s e d  w i t h  
d e p o la r is a t io n .
H olding p o te n t ia l:  -70mV.
Arrow denotes the  p o s it io n  o f  c u rre n t measurements: 50ms.
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H ie  e f fe c t  o f  TEA+, in  th e  presence o f  cadmium io n s , on th e  I - V  
re la t io n s h ip .
Curves rep resen t normal run  (upper s o lid  l in e )  fo llo w ed  by ISmins. 
Cd2 + (ImM) (dashed l i n e ) ,  then  5mins. TEA+ (25mM) (low er s o l id  
l in e )  and f i n a l l y  SOmins. wash w ith  normal s a lin e  (d o tte d  l i n e ) .
Cd2+ reduced the  hump to  a  re s id u a l peak around +40mV. Subsequent 
a p p lic a tio n  o f  TEA* fu r th e r  reduced a  p o rtio n  o f  th e  outward c u rre n t  
th e  re m a in in g  c u r r e n t  in c re a s e d  i n  a  non l i n e a r  m anner. These  
e ffe c ts  were reversed  a f t e r  washing w ith  normal s a l in e .
Arrows denote th e  p o s it io n  o f  s e le c te d  c u rre n t responses; 0 , +50, 
+100, +120 and +160mV.
3.224 Low e x te rn a l ch lo rid e  ion  co n cen tra tio n .
Reducing the ch loride content o f th e  b a th ing  saline to 20% of its  
norm al va lue , i.e . from  235mM to 47mM, produced an o vera ll reductio n  
in  outw ard  c u rre n ts  and caused the  delayed c u rre n t rise  to occur a t 
more negative  potentia ls  (F ig . 3.224 lA ). For the corresponding I -V  
re la tio n s h ip  th is  re s u lte d  in  a r e d u c t io n  in  th e  p e a k  c u r r e n t  
associated w ith  the hump and a -50m V s h ift in  the  activation  of the  
hump from  80mV to 30mV (F ig . 3.224 IB ). C u rren ts  associated w ith  the  
lo w er arm  re g io n  w e re  also re d u c e d . In  th is  e x p e r im e n t th is  
rep resen ts  a decrease in  chord conductance (betw een 0 and +50mV) from  
26uS to 20uS. In  some b u t not a ll p rep ara tio n s  the  m agnitude of the  
negative  conductance reg ion  was m arg in a lly  reduced in  low chloride  
saline suggesting  th a t the  calc ium -dependency of the  reg ion was 
affected  in  some way.
110
Fig . 3.224 lA
The e f f e c t  o f  a f i v e - f o l d  re d u c t io n  i n  e x t e r n a l  c h lo r id e  io n  
co n cen tra tio n  on th e  n e t outward c u rre n ts .
S e lec ted  c u rre n t responses taken  a t  command p o te n t ia ls  o f  0 , +30, 
+50, +80, +100 and +160mV.
W ith in  lOmins. low Cl" (47iriM) s a lin e  caused an o v e r a l l  red u ctio n  in  
the  c u rre n t response w ith  th e  de layed  c u rre n t r is e  s h if te d  to  more 
n eg ative  p o te n t ia ls .  These e f fe c ts  were reversed  a f t e r  15mins. wash 
w ith  normal s a lin e .
Holding p o te n t ia l:  -70mV.
Arrow denotes th e  p o s it io n  o f  c u rre n t meetsurements : 50ms.
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The e f f e c t  o f  a  f i v e - f o l d  re d u c t io n  in  e x t e r n a l  c h lo r id e  io n  
co n cen tra tio n  on th e  I - V  r e la t io n s h ip .
Curves rep resen t normal run  (s o l id  l in e )  fo llo w ed  by lOmins. 01" 
(47mM) s a lin e  (dashed l in e )  and f i n a l l y  ISm ins. wash w ith  normal 
s a lin e  (d o tte d  l i n e ) .
Low 01“ s a lin e  caused an o v e r a l l  re d u ctio n  in  c u rren ts  w ith  a -50mV 
s h i f t  in  th e  hump.
Arrows denote th e  p o s it io n  o f  s e le c te d  c u rre n t responses: 0 , +30, 
+50, +80, +100 Euid +160mV.
3.23 LONG-DURATION COMMAND PULSES.
A fte r  the pharm acology of ou tw ard  c u rre n ts  evoked by sh o rt d u ra tio n  
command pulses (100ms) had been in vestig ated  longer d u ra tio n  command 
pulses of up  to th re e  seconds w ere employed. For potentia ls  less 
positive th an  +140mV the  c u rre n t which developed d u rin g  the f ir s t  
second of the command pulse increased, then  declined tow ard a s te ad y -  
state p lateau leve l, th e re b y  p roduc ing  a peak in  the c u rre n t response  
(F ig . 3.23 lA  a s te r is k ) .  The  r is in g  p h a s e  (a c t iv a t io n )  w as m uch  
steeper than  the fa llin g  phase. W hether the  decline in  the c u rre n t  
response can be re fe rre d  to as in ac tiva tio n  w ill be discussed in  the  
follow ing section. As the  command potentia ls  became more positive  
the ra te  o f decline in  c u rre n t was increased and consequently  the  
c u rre n t took less time to reach a s tead y -s ta te  leve l (F ig . 3.23 lA  
arrow heads). Thus the fa llin g  phase of the c u rre n t peak appeared to  
be vo ltag e-d ep en d en t. The c u rre n t reached a maximum around command 
potentia ls  of +140mV, th e re a fte r  d ro p p in g  down to the  p lateau leve l 
at more positive  po ten tia ls . The c u rre n t response between two and  
th ree  seconds in  the  p la teau  reg io n  g rad u a lly  increased as command 
potentia ls  became successively more positive  and did not appear to 
s ig n ifican tly  decline d u rin g  the course of the command pulse. For 
long du ra tio n  command steps the ta il c u rre n ts  w ere o ften  a ll in w ard .
The I - V  re la tio n sh ip  showed a tim e- and vo ltag e-d ep en d en cy  i.e. 
the m agnitude and position of the hump in  the N -shape depended on the  
time at w hich c u rre n t measurem ents w ere taken  in to  the command pulse  
(F ig . 3.23 IB ). In  add ition , the  N -shape I - V  re la tionsh ip  was absent 
in  c u rre n ts  associated w ith  the  p lateau reg ion  instead th e y  increased  
in  a n o n -lin e ar m anner as command potentia ls  became successively more 
p o s it iv e .
The peak o f the  c u rre n t response was re v e rs ib ly  abolished in  
cadmium (2mM) saline leav in g  the  plateau reg ion  u n affec ted  (F ig , 3.23
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The e f f e c t  o f  a th re e  second command p u ls e  on th e  n e t  o u tw a rd  
c u rre n ts .
S elec ted  c u rre n t responses taken a t  command p o te n t ia ls  o f  -2 0 , +80, 
+100, +120, +140, +160 and +180mV.
A t th e  command p o te n t ia ls  betw een  -2 0  and +140mV th e  c u r r e n t  
response d u r in g  th e  f i r s t  second in c re a s e d  t o  a  maximum and  
th e re a f te r  f e l l  to  a low er s te a d y -s ta te  g iv in g  r is e  to  th e  c u rre n t  
peak (a s te r is k ) .  The ra te  o f  d e c lin e  o f  th e  c u rre n t peak increased  
w ith  d e p o la r is a tio n  between command p o te n t ia ls  o f  +100 and +140mV 
(arrow heads). A t p o te n t ia ls  g re a te r  than 140mV th e  peak d isappeared  
and th e  steady s ta te  c u rre n t remained.
H olding p o te n t ia l : -70mV.
Arrows denote th e  p o s it io n  o f  c u rre n t meeisurements: 250ms, 1 second 
and 3 seconds.
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I - V  re la t io n s h ip  fo r  n e t outward c u r re n ts . evoked by a th re e  second 
command p u lse .
Curves rep resen t c u rre n t measurements taken  a t  250ms ( s o lid  l i n e ) ,  
1 second (dashed l in e )  and 3 seconds (d o tte d  l i n e ) .  C o-ord inates  
were jo in e d  by s t r a ig h t  l in e s  as th e re  were in s u f f ic ie n t  d a ta  to  
achieve a s a t is fa c to ry  curve o f b e s t f i t .
In  th is  experim ent a  maximum peak c u rre n t response o f  4.8uA was 
measured a t  250ms, a t  a  command p o te n t ia l  o f  +140mV. C u rren t 
measurements ta k e n  a f t e r  250ms i n  th e  command p u ls e  c au s e d  
f la t te n in g  o f  th e  N-shape curve which com plete ly  disappeared f o r  
measurements taken l a t e r  than 1 .5  seconds.
Arrows denote th e  p o s it io n  o f  s e le c te d  c u rre n t tra c e s ; -2 0 , +80, 
+100, +120, +140, +160 and +180mV.
2 ). The c u r r e n t  re m a in in g  a f te r  Cdz+ t r e a tm e n t  i .e .  th e  p la te a u  
reg ion  appeared analogous to the Cd^+- and M n2+-insensitive c u rre n ts  
observed w ith  short d u ra tio n  command pulses (see F igs. 3.2222 lA  and  
2A). P re lim in ary  resu lts  in d ica te  th a t when a th re e  second pulse to 
a po ten tia l evoking maximal c u rre n t activa tio n  was repeated  a t O .lHz, 
w ith in  two minutes the  rise  time o f successive responses decreased  ^
u n til the c u rre n t peak d isappeared a lto g e th er (not shown). A fte r  a 
period  of 10-15mins. re s tin g  th e  c u rre n t response re tu rn e d  to normal.
A com plete ru n  of 25 p o s it iv e  com m and s te p s  fro m  th e  h o ld in g  
p o ten tia l was not possible w ith  long d u ra tio n  command pulses as th is  
led to a decline in  the c u rre n t  response w ith  the abolition  of the  
c u rre n t peak.
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T h e  e f f e c t  o f  c a d m i u m  o n  t h e  n e t  o u t w a r d  c u r r e n t s  e v o k e d  b y  a  t h r e e  
s e c o n d  c o m m a n d  p u l s e .
S e l e c t e d  c u r r e n t  r e s p o n s e s  f r o m  a  t h r e e  s e c o n d  c c a n n a n d  p u l s e  t o  
t l O O m V .
W i t h i n  l O m i n s .  e x t e r n a l l y  a p p l i e d  C d ^ *  ( 2 m M )  w a s  a b l e  t o  a b o l i s h  t h e  
c u r r e n t  p e a k  w i t h o u t  s i g n i f i c a n t l y  a f f e c t i n g  t h e  p l a t e a u  r e g i o n .  
T h e  c u r r e n t  p e a k  w a s  r e s t o r e d  a f t e r  3 0 m i n s .  w a s h  w i t h  n o r m a l  s a l i n e .
H o l d i n g  p o t e n t i a l :  - 7 0 m V .
3.24 TAIL CURRENTS.
3.241 S ingle command pulse regim e
Command pu lse  d u ra tio n s  o f 50ms o r  g r e a t e r  w e re  e m p lo y e d  in
ch arac te ris in g  of the n e t ou tw ard  c u rre n ts  described above (section  
3.22) w hich, when s tepp ing  positive  from  a ho ld ing  p o ten tia l o f -  
70mV, produced in w ard  ta il c u rre n ts . In  o rd e r to s tu d y  the  ta il 
c u rre n ts  using a single command pulse, sh o rt d u ra tio n  command pulses  
between 10ms and 50ms w ere employed.
3.2411 Command pulse d u ra tio n  dependency.
Command pulse d u ra tio n  was v a rie d  between 10ms and 50ms to examine 
the e ffe c t o f its  d u ra tio n  upon the  p o la rity  and m agnitude of the  
ta il c u rre n ts . C u rre n t measurements w ere taken  a t 5ms and 10ms a fte r  
the end of command pulses. Selected ta il c u rre n t responses are  shown 
in  F ig . 3.2411 lA . T h ere  w ere two tren d s  w ith in  the  ta il c u rre n t  
response:
i) For a g iven command p o ten tia l the ta il c u rre n ts  became 
in w ard  as the command pulse du ra tio n  increased.
ii) For pulse d ura tions  g re a te r than  20ms, as command steps i
became more positive , th e  outw ard  ta il c u rre n ts  became more |
i
in w ard  (F ig . 3.2411 lA  arrow head) between p o ten tia ls  o f +30 1
and +70mV, then  once again  outw ard  and, f in a lly  in w ard  
(as te risk  F ig  3.2411 lA ) g iv in g  rise  to an M -shaped I - V  
re la t io n s h ip  (F ig s  3 .2411  IB i i ,  a n d  i i i ) .
In c reas in g  th e  command pulse d u ra tio n  fo r  a g iven  command po ten tia l 
c le a rly  showed th a t the  c u rre n ts  became more in w ard . The in w ard  
c u rre n t d ip  w hich peaked around +60mV, was more pronounced fo r  
m easurements taken  a t 5ms. Note th a t the  ta il c u rre n ts  from  sh o rt 
command pulses o f 10ms, w ere  outw ard  fo r  a ll command potentia ls  
between 0 and +160mV,
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The e f fe c t  o f  in c re a s in g  th e  command pulse d u ra tio n  on th e  t a i l  
c u rre n t response.
S e lec ted  t a i l  c u rre n t responses from command p o te n t ia ls  o f  0 , +50, 
+100 and +160mV,
As th e  command p u ls e  d u r a t io n  was in c re a s e d  th e  t a i l  c u r r e n t  
response fo r  a g iven  command p o te n t ia l  became more inw ard. A 10ms 
command p u ls e  d u ra t io n  produced t a i l  c u r r e n t s  w h ich  w ere  a l l  
o u tw ard . Longer d u r a t io n  command p u ls e s  had a f a s t  i n i t i a l  
component a t  +50mV ( eurrovdieads ) and a  much slow er decaying inw ard  
c u rre n t a t  +%60mV ( a s t e r is k ) .
H old ing p o te n t ia l:  -60mV.
Arrows denote the  p o s it io n  o f  c u rre n t measurements: 5 and 10ms.
F ig . 3.2411 IB
The e f fe c t  o f  in c reas in g  th e  command pu lse  d u ra tio n  on th e  t a i l  
c u rre n t I - V  re la t io n s h ip .
C urrent measurements taken a t  5ms (s o l id  l in e )  
l in e )  a f t e r  re p o la r is a t io n  to  -60mV.
and 10ms (d o tte d
i .  Command pulse d u ra tio n  o f 10ms. A l l  th e  t a i l  c u rren ts  were 
ou tw ard . There  was a s m a ll in w ard  d ip  a ro u n d  +50mV f o r  c u r r e n t  
measurements taken a t  5ms. The t a i l  c u rren ts  became le s s  outward a t  
command p o te n t ia ls  more p o s it iv e  than  -90mV.
i i .  Command pulse d u ra tio n  o f  30ms. There was a  pronounced d ip  in  
the  curve around +70mV where the  t a i l  c u rre n ts  became t r a n s ie n t ly  
les s  outward g iv in g  the  I - V  re la t io n s h ip  a d e f in i t e  M-shape.
i i i .  Command p u ls e  d u ra t io n  o f  50ms. The c u r r e n t  d ip  was more  
pronounced becoming t r a n s ie n t ly  inw ard between p o te n t ia ls  o f +30mV 
and +70mV, peaking around +60mV. As th e  command p o te n t ia l  increased  
the  c u rren ts  became m arkedly inw ard.
C urren t measurements taken a t  5ms were more s e n s it iv e  to  in c re a s in g  
command pulse d u ra tio n  than measurements taken  a t  10ms, in  th e  t a i l  
c u rre n t re la x a t io n .
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Figs. 3.2411 21 & 11 show graphs o f c u rre n t measurements (taken  
a t 5ms and 10ms re s p e c tiv e ly ) a t a ran g e  of command pulse d u ra tio n s  
fo r a g iven  command step to 0, +50 and +100mV. In c re a s in g  the  
command pulse d u ra tio n  caused a ll of the  ta il c u rrre n ts  to become 
inw ard  a t more p o s itive  po ten tia ls . T a ll c u rre n t measurements ta k en  
e a rlie r  on in  the response i.e . a t 5ms, w ere a ffec ted  more th an  those 
t a k e n  a t  10m s th o u g h  th e  t r e n d  w as  s im i la r .  F u r t h e r m o r e ,  
measurements from  command potentia ls  o f +50mV w ere p a rtic u la r ly  
sensitive to the pulse d u ra tio n  and ra p id ly  became in w ard  a t more 
p o s itiv e  p o te n t ia ls .
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F ig . 3.2411 2
The e f fe c t  o f command pulse d u ra tio n  on t a i l  c u rre n ts  from s e le c te d  
command p o te n t ia ls .
Lines rep resen t command p o te n t ia ls  o f  0 (d o tte d  l i n e ) ,  +50 (dashed 
l in e )  and +100mV (s o l id  l i n e ) .
C urrent measurements taken  a t  i .  5ms and i i .  10ms.
As th e  command pu lse d u ra tio n  was increased  th e  t a i l  c u rren ts  became 
less  outward fo r  a l l  p o te n t ia ls  shown. T a i l  c u rre n ts  from a command 
s te p  to  +50mV w ere p a r t i c u l a r l y  s e n s i t i v e  to  in c r e a s in g  p u ls e  
d u ra tio n  and ra p id ly  became inweird. The tre n d  was s im ila r ,  bu t no t 
so marked, fo r  t a i l  c u rre n t measurements taken  a t  10ms compared to  
those taken a t  5ms.
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3.242 Double command pulse regim e
In  the previous section (3.241) ta il c u rre n ts  w ere measured a fte r  
single depolaris ing  command steps from  the hold ing poten tia l. In  
o rd e r to s tu d y  ta il c u rre n ts  in  a more contro lled m anner a double 
commmand pulse regim e (P ig . 2.251 C) was adopted w h ereb y  a standard  
depolaris ing  p re -p u ls e  (pu lse ( I ) )  was employed to open a g iven  
population of channels. These open channels take  a fin ite  time to  
close and, when the  membrane was stepped to a new poten tia l (Pulse 
( I I ) ) ,  ta i l  c u r re n ts  flo w e d . The d ir e c t io n  an d  m a g n itu d e  o f th e  
c u rre n t flow  can be g iven  b y  the  equation:
It  = g(Vc -  VRev) Eq. 3.242 1
Where I t  is the ta il c u rre n t, g is the  conductance, Vc is the command 
p o te n tia l and Vrbv is  th e  r e v e rs a l p o te n t ia l .  T h e  p r o v is io n a l  t a i l  
c u rre n t data are  p resen ted  in  the  fo llow ing sections.
3.2421 Pulse ( I )  m agnitude dependency.
F ig . 3.2421 lA  shows selected ta il c u rre n t responses from  a pulse ( I)  
du ra tio n  of 20ms to command potentia ls  o f OmV, +50mV and +100mV. 
B etw een pu lse  ( I I )  p o te n tia ls  o f -1 2 0  an d  -8 0 m V  a s m a ll, s te a d y  
inw ard  ta il c u rre n t flow ed, and th e re a fte r  an outw ard  ta il c u rre n t  
d e ve lo p e d . W ith in  th e  in i t ia l  10ms th e  o u tw a rd  t a i l  c u r r e n t s  
underw ent rap id  decline followed by a slower decline which was not 
complete w ith in  th e  50ms pulse ( I I )  dura tion . For pulse ( I)  +50mV 
the ta il c u rre n ts  had an in w ard  component which occurred  im m ediately  
a fte r  the capacitative  tra n s ie n t. In creas in g  the pulse ( I )  m agnitude  
resu lted  in  an increase in  outw ard  ta il c u rre n ts . Assuming th a t a 
g re a te r depolarisation  d u rin g  pulse ( I)  would open more ion channels  
th is  increase in  ta il c u rre n t  response was expected.
The I - V  re la tio n sh ip s  fo r  the  ta il c u rre n ts  showed a m arked  
outw ard re c tific a tio n  betw een pulse ( I I )  command potentia ls  o f -60mV  
and -80mV, depending  on th e  reco rd in g  parm eters (F igs. 3,2421 IB i &
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i i ) .  C u rre n t measurements taken  a t 10ms had more n eg ative  re ve rs a l 
potentia ls  th an  those taken  a t 5ms.
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F ig . 3.2421 lA
The e f fe c t  o f  pulse ( I )  magnitude on th e  t a i l  c u rre n t response.
S e lec ted  t a i l  c u rre n t responses taken  a t  pu lse ( I I )  p o te n t ia ls  o f  -  
110, -9 0 , -7 0 , -50  amd -30mV. Standard 20ms pu lse  ( I )  d u ra tio n .
P u lse  ( I )  c u r re n t  response is  n o t  shown and th e  d o t t e d  l i n e  
in d ic a te s  th e  s te a d y -s ta te  c u rre n t le v e l  a t  th e  h o ld in g  p o te n t ia l .
The t a i l  c u rren ts  were l i t t l e  a ffe c te d  by th e  pu lse  ( I )  magnitude a t  
pulse ( I I )  command p o te n t ia ls  below -70mV and remained inw ard. A 
pulse ( I )  magnitude o f  +50mV evoked t a i l  c u rre n ts  w ith  an i n i t i a l  
f a s t  inw ard  component ( la r g e  a r ro w h e a d ). A t  p u ls e  ( I )  command 
p o te n t ia ls  g re a te r  than -70mV th e  t a i l  c u rren ts  became outwsud. 
Larger pulse ( I )  magnitudes produced lELrger outward t a i l  c u rre n ts . 
The outward t a i l  c u rren ts  had an i n i t i a l  ra p id  (s m a ll arrowheads) 
fo llo w ed  by a  slow in a c t iv a t io n  phase.
Holding p o te n t ia l:  -70mV.
Arrows denote the  p o s it io n  o f  c u rre n t measurements : 5 and 10ms.
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The e f f e c t  o f  p u ls e  ( I )  m a g n itu d e  on t h e  t a i l  c u r r e n t  I - V  
re la t io n s h ip .
Curves rep resen t pulse ( I )  magnitudes o f OmV (dot-dashed l i n e ) ,  50mV 
(dashed l in e )  and lOOraV (s o lid  l i n e ) .
The t a i l  c u r re n ts  showed marked o u tw a rd  r e c t i f i c a t i o n  be tw een  
command p o te n tia ls  o f  -6 0  and -80mV.
i .  T a i l  c u rre n t measurements taken  a t  5ms. T a i l  c u rren ts  from  
pulse ( I )  magnitudes o f  0 , +50 amd +100 reversed  a t  -6 9 , -69  and -  
77mV re s p e c tiv e ly .
i i .  T a i l  c u rre n t measurements taken  a t  10ms. T a i l  c u rren ts  from  
pulse ( I )  magnitudes o f  0 , +50 and +100 reversed  a t  -7 1 , -77  and -  
81mV re s p e c tiv e ly .
As th e  p u ls e  ( I )  m agnitude in c re a s e d  th e  t a i l  c u r r e n t  r e v e r s a l  
p o te n t ia ls  became more n eg ative  and th e  magnitude o f  th e  outward  
t a i l  c u rren ts  increeised.
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3.2422 Pulse ( I )  d u ra tio n  dependency.
Pulse ( I )  command step to  OmV.
For a pulse ( I)  command step to OmV increasing the pulse ( I )  d u ra tio n  
from  10ms to 50ms had v e ry  lit te  e ffe c t on the  ta il c u r re n t response  
(F ig . 3.2422 lA ) .  The  c o rre s p o n d in g  I - V  r e la t io n s h ip  fo r
measurements taken  a t 5ms and 10ms showed th a t in creasin g  the pulse  
( I )  d u ra tio n  re s u lte d  in  th e  r e v e r s a l  p o te n t ia l  b e co m in g  m ore  
p o s itiv e  (F ig s , 3.2422 IB i and  i i ) .  N ote  t h a t  as th e  p u ls e  ( I )  
d u ra tio n  increased the  m agnitude of the outw ard  ta il c u rre n ts  also 
increased.
Pulse ( I )  command step to +50mV.
For a pulse ( I)  command step to +50mV, as the pulse ( I )  d u ra tio n  was 
increased the ta il c u rre n ts  became m arkedly  more in w ard  fo r  a g iven  
pulse ( I I )  command p o ten tia l (F ig . 3.2422 2A).
The corresponding  I - V  re la tionsh ips  (F igs, 3.2422 2Bi and ii)  
showed th a t increasing  the  pulse ( I )  m agnitude from  10ms to 50ms 
resu lted  in  the  ou tw ard  ta il c u rre n ts  becoming more in w ard , th e re b y  
causing a positive  s h ift in  the  re v e rs a l potentia l. F u rth erm o re , a 
50ms pulse ( I)  d u ra tio n  produced an inw ard  c u rre n t between -120mV and  
-56m V w hich peaked betw een -8 0  and -70mV.
W ith c u rre n t m easurements taken  a t 5ms and 10ms the  tren d s  w ere  
sim ilar. Once again , how ever, th e  s h ift in  re v e rs a l p o ten tia l was 
more pronounced e a r lie r  on in  the  ta il c u rre n t i.e . fo r  measurements  
taken  a t 5ms.
A p lot o f the re v e rs a l p o ten tia l versus  the pulse ( I )  d u ra tio n  
shows a lin ea r increase in  re v e rs a l p o ten tia l (F ig . 3.2422 3) as a  
fu n c tio n  o f pulse ( I )  d u ra tio n . A s tra ig h t line th ro u g h  the  points  
was draw n using  the  H arvard  Graphics (M icrosoft) line  tre n d  function . 
The assum ption is th a t fo r  a 40ms increase in  pulse d u ra tio n  between  
10 and 50ms the increase in  re v e rs a l poten tia l was lin e a r. I f  th is
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The e f fe c t  o f  pulse ( I )  d u ra tio n  on th e  t a i l  c u rre n t response: pu lse  
( I )  ccxnmand step  to  OmV.
S e le c te d  t a i l  c u r r e n t  responses  ta k e n  a t  p u ls e  ( I I )  command 
p o te n t ia ls  o f  -1 1 0 , -9 0 ,  -7 0  and -50mV.
In c re a s in g  th e  pulse d u ra tio n  had l i t t l e  e f fe c t  on th e  t a i l  c u rre n t  
response fo r  a  pu lse ( I )  p o te n t ia l  o f  OmV.
H olding p o te n t ia l:  -70mV.
Arrows denote th e  p o s it io n  o f  c u rre n t measurements: 5 and 10ms.
F ig . 3 .2422 IB
The e f f e c t  o f  p u ls e  ( I )  d u r a t i o n  on th e  t a i l  c u r r e n t  I - V  
re la t io n s h ip :  pulse ( I )  command s tep  to  OmV.
Curves rep resen t pu lse  ( I )  d u ra tio n s  o f  10ms (dot-dashed l i n e ) ,  30ms 
(dashed l in e )  and 50ms (s o lid  l i n e ) .
i .  C urren t measurements taken  a t  5ms. T a i l  c u rre n ts  fo r  10, 30 and 
50ms reversed  a t  - 7 0 ,  -6 8  and -65mV re s p e c t iv e ly .
i i .  C urren t measurements taken  a t  10ms. T a i l  c u rre n ts  fo r  10, 30 
and 50 reversed  a t  -7 1 ,  -71 and -65mV r e s p e c t iv e ly .
As th e  pu lse  ( I )  d u ra tio n  increased  th e  outward t a i l  c u rren ts  were 
a l s o  i n c r e a s e d  a c c o m p a n ie d  b y  a p o s i t i v e  s h i f t  i n  r e v e r s a l  
p o te n t ia ls .
B i Current (nA)
300
200
100
-100
120 -110 -100 -9 0  -8 0 70 -6 0 60 40 30 20
Command Potential (mV)
I I Current (nA)
3 00
200
100
100
“120 -110 -100 -9 0  -8 0 60 -6 070 40 -3 0 20
Command Potential (mV)
F ig . 3 .2422 2A
The e f fe c t  o f  pu lse ( I )  d u ra tio n  on th e  t a i l  c u rre n t response: pu lse  
( I )  ccxnmand s tep  to  +50mV.
S e le c te d  t a i l  c u r r e n t  responses ta k e n  a t  p u ls e  ( I I )  command 
p o te n t ia ls  o f  - I 10, -9 0 , -7 0  amd -50mV.
In c reas in g  the  pu lse ( I )  d u ra tio n  caused th e  t a i l  c u rre n ts  to  become 
more inward fo r  a  g iven  command p o te n t ia l .
H olding p o te n t ia l:  -70mV.
Arrows denote th e  p o s it io n  o f  c u rre n t measurements: 5 and 10ms.
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The e f fe c t  o f  pulse d u ra tio n  on th e  t a i l  c u rre n t I - V  re la t io n s h ip :  
pulse ( I )  command s tep  to  +50mV.
Curves rep resen t pulse ( I )  d u ra tio n s  o f  10ms (dot-dashed l i n e ) ,  30ms 
(dashed l in e )  and 50ms ( s o lid  l i n e ) .
As th e  p u ls e  ( I )  d u ra t io n  was in c re a s e d  th e  t a i l  c u r r e n ts  w ere  
reduced and th e  r e v e r s a l  p o t e n t ia ls  w ere  s h i f t e d  to w a rd  more 
p o s it iv e  p o te n t ia ls . Th is  tre n d  was more exaggerated w ith  c u rre n t 
measurements taken a t  5ms.
i .  C urrent measurements taken a t  5ms. The re v e rs a l p o te n t ia l  fo r  
pulse ( I )  d u ra tio n s  o f  10, 30, and 50ms were -7 6 , -63  and -56mV 
re s p e c tiv e ly . Furtherm ore, pu lse  ( I )  d u ra tio n  o f  50ms evoked a  
g re a te r  inward t a i l  c u rre n t between pu lse  ( I I )  command p o te n tia ls  
o f -120 and -56mV which peaked between -8 0  and -90mV.
i i .  C urren t measurements taken a t  10ms. The re v e rs a l p o te n t ia l  fo r  
pulse ( I )  d u ra tio n s  o f  10, 30 and 50ms were -8 0 ,  -71  and -59mV 
re s p e c tiv e ly .
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F ig . 3 .2422 3
The re la t io n s h ip  between re v e rs a l p o te n t ia l  and pu lse  ( I )  d u ra tio n .
Pulse ( I )  command s te p  = +50mV. R eversal p o te n t ia l  d a ta  taken from  
F ig . 3 .2322 2B.
The l in e a r  re la t io n s h ip  f o r  a  40ms increase  in  pu lse  ( I )  d u ra tio n  
between 10 and 50ms rep resen ted  a  tw o -fo ld  change in  e x t r a c e llu la r  
c a t io n  o r anion c o n c e n tra tio n .
is tru e  th en  from  the  N ern s t equation a 21.5mV change in  re v e rs a l 
p o ten tia l from  -74  to -55.5m V rep resen ts  an approxim ate tw o-fo ld  
cation accum ulation o r anion depletion  in  the e x trac e llu la r space. 
From these experim ents i t  was not c lear w h eth er th e  tw o -fo ld  change  
in  ex tern a l ion concentration  would occur fo r  pulse ( I)  durations  
g re a te r th an  50ms. Th is  does not exclude the p o ss ib ility  th a t the  
values shown here form  p a r t  of a shallow cu rve .
Pulse ( I)  command step  to  +100mV.
F o r a p u lse  ( I )  command s tep  to  lOOmV in c r e a s in g  th e  p u ls e  ( I )  
d u ra tio n  produced a sim ilar e ffe c t as fo r  pulse ( I )  50mV b u t the  
inw ard  tre n d  in  ta il c u rre n ts  was not as pronounced (compare Fig.
3.2422 4A w ith  F ig . 3.2422 2A). T h ere  was also a sm aller positive  
s h ift in  re v e rs a l p o ten tia l (F igs. 3.2422 4Bi and i i) .
Tables 3.2422 lA  and B p ro v id e  a summary o f the  p rovis ional 
re s u lts  on th e  e f fe c t  o f p u ls e  ( I )  d u r a t io n  on th e  t a i l  c u r r e n t  
re v e rs a l p o te n tia ls . F u r th e r  w o rk  is  n e c e s s a ry  to  p r o v id e  a 
statis ical analysis  o f the data.
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F ig . 3 .2422 4A
The e f fe c t  o f pulse ( I )  d u ra tio n  on the  t a i l  c u rre n t response: pu lse  
( I )  command s tep  to  +100raV.
S e le c te d  t a i l  c u r re n t  responses ta k e n  fro m  p u ls e  ( I I )  command 
p o te n tia ls  o f  -1 1 0 , -9 0 , -7 0  and -50mV
In creas in g  the  pu lse ( I )  d u ra tio n  caused th e  t a i l  c u rren ts  to  become 
more inward fo r  a g iven  command p o te n t ia l .  The tre n d  was s im ila r  to  
th a t  observed fo r  a pulse ( I )  command s tep  to  5OmV (F ig . 3 .2322 2 A ).
H olding p o te n t ia l:  -70mV.
Arrows denote th e  p o s it io n  o f  c u rre n t measurements: 5 and 10ms.
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The e f f e c t  o f  p u ls e  ( I )  d u r a t io n  on th e  t a i l  c u r r e n t  I - V  
re la t io n s h ip :  pu lse  ( I )  command step  to  +100mV.
Curves rep resen t pu lse  ( I )  d u ra tio n s  o f  10 (dot-dashed l i n e ) ,  30 
(dashed l in e )  and 50ms (s o l id  l i n e ) .
As th e  p u ls e  ( I )  d u ra t io n  was in c re a s e d  th e  t a i l  c u r r e n t s  w ere  
reduced and th e  r e v e r s a l  p o t e n t ia ls  w ere  s h i f t e d  to w a rd  more 
p o s it iv e  p o te n t ia ls . T h is  tre n d  was more exaggerated w ith  c u rre n t  
measurements taken  a t  5ms,
i .  C urren t measurements taken  a t  5ms. The re v e rs a l p o te n t ia ls  fo r  
pulse ( I )  d u ra tio n s  o f  10, 30 and 50ms were -7 9 , -7 0  and -61mV 
re s p e c tiv e ly . Furtherm ore, a pu lse  ( I )  d u ra tio n  o f  50ms evoked a  
g re a te r  t a i l  c u rre n t between pulse ( I I )  command p o te n t ia ls  o f  -120  
and -60mV,
i i .  C urren t measurements taken  a t  10ms. The re v e rs a l p o te n t ia ls  fo r  
pulse ( I )  d u ra tio n s  o f  10, 30 and 50ms were -7 7 ,  -7 7  and -69mV 
re s p e c tiv e ly .
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Table 3.2422 1
Summary of the  e ffe c t o f pulse ( I)  d u ra tio n  on the  re v e rs a l poten tia l 
fo r  ta il c u rre n t measurements taken  a t A.) 5ms and B.) 10ms.
Pulse ( I )  M agnitude Pulse ( I)  D uration
(mV) (ms)
10 30 50
A. 0 -7 0 -68 -65
50 -7 6 -63 -56
100 -7 9 -70 -61
B. 0 -71 -71 —65
50 —80 -71 -59
100 -7 7  . -77 -65
3.2423 Cadmium.
E xtern a l app lication  of cadmium (Im M ) d ram atica lly  reduced  the  net 
outw ard  c u rre n t evoked b y  a pulse ( I )  command step to +50mV (not 
shown). The accom panying ou tw ard  ta il c u rre n ts  w ere also reduced  
(P ig . 3,2423 lA ). Washing ou t Cd2+ resu lted  in  p a rtia l re co v e ry  o f 
,the  c u rre n t response d u rin g  pulse ( I ) .  In  th is  experim ent, how ever, 
a s teady in w ard  ta il c u rre n t now occu rred  a t more negative  potentia ls  
d u r in g  p u lse  ( I I ) .  T h e re  was p a r t ia l  r e c o v e r y  o f o u tw a rd  t a i l  
c u rre n ts  a t more positive  potentia ls . The ta il c u rre n t response is  
sensitive  to ex tern a l saline d is tu rb an ce  d u rin g  w ashing. In  some, 
b u t no t a ll, e xp e rim en ts  in v o lv in g  s a lin e  p e r fu s io n  th e r e  w as an  
increase in  the  m agnitude of in w ard  and p a rtic u la r ly  outw ard  ta il  
c u rre n ts  suggesting  th a t the  neuronal membrane had been damaged in  
some way.
The corresponding  I - V  re la tio n sh ip  fo r  measurements taken  a t 5ms 
and 10ms (F igs . 3.2423 IB i and ii)  show the  m arked red u ctio n  in  the  
outw ard  ta il c u rre n t a fte r  C d^ trea tm en t. The rem ain ing  c u rre n t  
showed an almost ohmic re la tio n sh ip  w ith  command p o ten tia l. Washout 
w ith  normal saline caused an increase in  in w ard  c u rre n ts  a t more 
n e g a tiv e  p o te n tia ls  and  a p a r t ia l  r e c o v e r y  o f  th e  o u tw a rd  t a i l  
c u rre n ts . The re v e rs a l p o ten tia l was not a ffec ted  b y  e x te rn a l Cd^*»
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The e f fe c t  o f  cadmium on th e  t a i l  c u rre n t response.
S e lec ted  t a i l  c u rre n t responses taken  a t  pu lse  ( I I )  p o te n t ia ls  o f  -  
110, -9 0 , -7 0  and -50mV, A standard  20ms pu lse  ( I )  command s tep  to  
+50mV ♦
Cadmium (ImM) caused an o v e r a l l  red u ctio n  in  t a i l  c u rre n ts . The 
outward t a i l  c u rre n t response was p a r t i a l l y  re s to re d  a f t e r  15mins 
washout w ith  normal s a l in e , though th e re  was an in crease  in  inward  
c u rre n ts  (a s te r is k )  w ith  resp ec t to  th e  normal ru n .
H old ing p o te n t ia l ;  -70mV.
Arrows denote th e  p o s it io n  o f  c u rre n t measureoaents : 5ms and 10ms,
F i g .  3 . 2 4 2 3  I B
T h e  e f f e c t  o f  c a d m i u m  o n  t h e  t a i l  c u r r e n t  I - V  r e l a t i o n s h i p .
C u r v e s  r e p r e s e n t  n o r m a l  r u n  ( s o l i d  l i n e ) ,  l O m i n s .  C d ^  + ( I m M )  ( d a s h e d  
l i n e )  a n d  f i n a l l y ,  a f t e r  I S m i n s .  w a s h  w i t h  n o r m a l  s a l i n e  ( d o t - d a s h e d  
l i n e ) .  P u l s e  ( I )  c o m m a n d  s t e p  t o  + 5 0 m V  a n d  2 0 m s  d u r a t i o n .
C a d m iu m  i o n s  c a u s e d  a  d r a m a t i c  r e d u c t i o n  i n  o u t w a r d  t a i l  c u r r e n t s  
c a u s i n g  t h e  I - V  r e l a t i o n s h i p  t o  b e c o m e  a l m o s t  o h m i c .  W a s h o u t  d i d  
p a r t i a l l y  r e s t o r e  t h e  o u t w a r d  t a i l  c u r r e n t s  b u t  i n w a r d  t a i l  
c u r r e n t s  w e r e  n o w  i n c r e a s e d .
i .  C u r r e n t  m e a s u r e m e n t s  t a k e n  a t  5 m s .  T h e  r e v e r s a l  p o t e n t i a l  o f  -  
7 2 m V  w a s  r e l a t i v e l y  u n a f f e c t e d  b y  c a d m i u m  t r e a t m e n t  o r  w a s h o u t .
i i .  C u r r e n t  m e a s u r e m e n t s  t a k e n  a t  1 0 m s .  T h e  r e v e r s a l  p o t e n t i a l  w a s  
s h i f t e d  - 2 m V  b y  c a d m i u m  t r e a t m e n t  a n d  + l m V  b y  w a s h o u t  w i t h  r e s p e c t  
t o  t h e  n o r m a l  r u n  a t  - 7 3 m V ,
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3.2424 E x tern a l ion concentra tion  m anipulation
Using a double command pulse regim e ta il c u rre n t re v e rs a l poten tia l 
lay  between -6 0  and -80m V depending  on the pulse ( I)  m agnitude and  
d u ra tio n  as shown ab o ve . The  r e v e r s a l  p o te n t ia l  a lo n e  w as n o t  
s u ffic ien t to id e n tify  the ionic basis of the ou tw ard  c u rre n t since 
potassium  and  c h lo r id e  ions a re  l ik e ly  to  h a v e  an  e q u i l ib r iu m  
poten tia l w ith in  th is  command po ten tia l range. The outw ard  c u rre n t  
d u rin g  depolarisation could, th e rfo re , be due to e ith e r potassium  
ions leav ing  or ch loride  ions e n te rin g  the  cell body. A lte rin g  the  
e x te rn a l ion c o n c e n tra tio n  s h o u ld , in  th e o r y ,  p ro d u c e  a s h i f t  in  
re v e rs a l po ten tia l p red ic ted  b y  the  N ernst equation  fo r  a c u rre n t  
dependent on th a t p a rtic u la r  ion species.
3.24241 High e x te rn a l K+ concentration .
A ccording to the N ernst equation  a fiv e -fo ld  increase in  ex tern a l K* 
(fro m  3.1 to  15mM) o u g h t to  p ro d u c e  a +40m V s h i f t  in  r e v e r s a l  
poten tia l fo r a potassium -dependent conductance. T a il c u rre n ts  from  a 
standard  pulse ( I)  d u ra tio n  of 20ms and command step to +50mV, 
how ever, showed a small v a ria b le  change in  re v e rs a l potentia l. From  
fo u r experim ents the  maximum s h ift observed was +17mV (F ig . 3.24241 
1 ).
3.24242 Low e x te rn a l Cl- concentration .
According to the  N ern s t equation  a 20% red u ctio n  in  extern a l Cl** i.e . 
from  235mM to 47mM o u g h t to produce a +40mV s h ift in  re v e rs a l 
po ten tia l fo r  a c h lo rid e -d ep en d en t conductance. The o v era ll size and  
shape of ta il c u rre n ts  from  a pulse ( I )  d u ra tio n  o f 20ms and command 
step to +50mV w ere not a p p rec iab ly  a ffec ted , a lthough  the  in itia l 
fa s t inw ard  ta il c u rre n t was increased between command potentia ls  o f 
-110  and -90m V (arrow heads P ig . 3.24242 lA ).
The correspond ing  I - V  re la tio n sh ip  shows th a t th e re  was no 
s ig n if ic a n t  s h if t  in  r e v e rs a l p o te n t ia l  d u r in g  lo w  c h lo r id e  s a lin e
120
trea tm en t (P igs. 3.24242 IB i and ii) .  The increase in  inw ard  and  
outw ard  ta il c u rre n t m agnitude a fte r  low ch loride  saline p erfu s io n  
and wash may have been due to impalement d isurbance caused b y  the  
su p erfu s in g  saline.
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The e f f e c t  o f  a f i v e - f o l d  in c re a s e  in  e x t e r n a l  p o ta s s iu m  io n  
co n ce n tra tio n  on th e  t a i l  c u rre n t response»
S e lec ted  t a i l  c u rre n t responses from  pulse ( I I )  p o te n t ia ls  o f  -9 0 , -  
70 and -50mV. A standard  20ms pu lse  ( I )  command s tep  to  +50mV.
A f iv e - f o ld  in crese  in  e x te rn a l potassium io n  co n cen tra tio n  frcan 3 ,1  
to  15mM caused th e  t a i l  c u rre n ts  to  be le s s  outward. In  th is  
experim ent, replacem ent w ith  normal s a lin e  then  caused an increase  
in  outward t a i l  c u rre n ts  in  excess o f  the  normal response.
H old ing p o te n t ia l;  -70raV.
Fig. 3.24241 IB
The e f f e c t  o f  a f i v e - f o l d  in c re a s e  in  e x t e r n a l  p o ta s s iu m  io n  
c o n cen tra tio n  on the  t a i l  c u rre n t I - V  re la t io n s h ip .
Curves re p re s e n t norm al ru n  ( s o l i d  l i n e )  a f t e r  2 0m in s . 15mM K+ 
s a lin e  and, f i n a l l y ,  replacem ent w ith  normal s a lin e  (dot-dashed  
l i n e ) .
1 . .  C urren t measurements taken  a t  5ms : h igh potassium s a lin e  caused 
a +16mV s h i f t  in  th e  re v e rs a l p o te n t ia l  from -67  to  -51nW. A f te r  
replacem ent w ith  normal s a lin e  th e  re v e rs a l p o te n t ia l  then s h if te d  
to  -82mV.
1 1 . .  C u rre n t measurements ta k e n  a t  10ms: h ig h  p o ta s s iu m  s a l in e  
caused a +18mV s h i f t  in  th e  re v e rs a l p o te n t ia l  from -7 2  to  -54mM. 
A fte r  replacem ent w ith  normal s a lin e  th e  re v e rs a l p o te n t ia l  then  
s h if te d  to  -79mV.
Note th a t  th e  la rg e  n eg ative  s h i f t  in  re v e rs a l p o te n t ia l  was n o t a  
fe a tu r e  o f  h ig h  potassium  s a l in e  t r e a tm e n t  and may be due to  
impalement d is tu rbance  caused by super fu s in g  s a lin e .
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F ig . 3.24242 lA
The e f f e c t  o f  a f i v e - f o l d  re d u c t io n  in  e x t e r n a l  c h lo r id e  io n  
co n ce n tra tio n  on th e  t a i l  c u rre n t response.
S elected  t a i l  c u rren ts  taken  from pulse ( I I )  p o te n t ia ls  o f  -1 1 0 , -  
90, -7 0  and -50mV, A standard  20ms pulse ( I )  command step  to  +50mV.
Reducing th e  e x te rn a l c h lo r id e  ion  c o n ce n tra tio n  from 235mM to  47mM 
had ve ry  l i t t l e  e f fe c t  on th e  t a i l  c u rre n ts . In  th is  experim ent the  
i n i t i a l  fa s t  inward t a i l  c u rre n t w e is  increased  between pulse ( I I )  
commEind p o te n t ia ls  o f  -110  and -90mV (arrowhesids).
Holding p o te n t ia l:  -70mV.
Arrows denote the  p o s it io n  o f  c u rre n t measurements: 5 and 10ms.
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The e f f e c t  o f  a f i v e - f o l d  r e d u c t io n  in  e x t e r n a l  c h lo r id e  io n  
c o n cen tra tio n  on th e  t a i l  c u rre n t I - V  re la t io n s h ip .
Curves rep resen t normal run (s o lid  l in e )  fo llo w e d  by 47mM c h lo r id e  
s a lin e  (dashed l in e )  and, f i n a l l y ,  replacem ent w ith  normal s a lin e  
(dot-dashed l i n e ) .
The re v e rs a l p o te n t ia l  fo r  t a i l  c u rre n t measurements taken a t  i .  5ms 
was -70mV and a t  i i .  10ms was -72mV. N e ith e r  low c h lo r id e  s a lin e  o r  
rep lacem en t w ith  norm al s a l in e  caused  a s i g n i f i c a n t  change in  
re v e rs a l p o te n t ia l .
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3.3 CURRENT-CLAMP.
When depolarised u n d e r vo ltage-c lam p cell 3 produces a s tro n g  outw ard  *j
c u rre n t u n d e rly in g  the  ch ara c te ris tic  in e x c ita b ility  o f the  cell body  
u n d er cu rren t-c lam p . T h ere  a re , how ever, a num ber o f procedures  
w hich are known to enhance the e xc ita b ility  o f o th e r prepara tions  
(see section 1.3) in c lu d in g  insect neurones Pitm an, 1975; 1979; 1988;
Goodman and  H e it le r , 1979). Some o f th e s e  a c u te  a n d  c h ro n ic  
procedures a re  described below.
3.31 Normal animal.
U nder normal conditions in je c tin g  depo laris ing  c u rre n t  in to  the cell 
body of cell 3 did not produce an action potentia l. In s tead  a series  
of dampened oscillations w ere  evoked (P ig. 3.31 1). The am plitude of 
these membrane vo ltage oscillations depended on the  m agnitude of 
applied c u rre n t. U n d er these conditions the  cell body was unable to 
spike even w ith  la rg e  depolarisations.
AB
lOnA
15nA
20nA
D
25nA 40ms
F ig . 3 .3 1  1
Norm al v o lta g e  o s c i l l a t io n  o f  th e  soma membrane i n  re sp o n s e  to  
in t r a c e l lu la r  d e p o la r is a t io n .
A -  D. The magnitude o f  th e  manbrane o s c i l la t io n s  increased  w ith  
a p p lie d  c u rre n t.
B ar un d ern eath  re p re s e n ts  th e  c u r r e n t  p u ls e  d u r a t io n .  C u r r e n t  
in te n s it ie s  shown underneath. R esting  p o te n t ia l  = -61mV.
3.32 ACUTE CHANGES IN ELECTRICAL PROPERTIES.
3.321 TEA* trea tm en t.
The in e x c ita b le  o s c il la to ry  s ta te  w as c o n v e r te d  in to  an  e x c ita b le  
s ta te  a f te r  a cu te  e x te rn a l a p p lic a t io n  o f T E A *. A f t e r  5 - lO m in s .  
treatm ent w ith  TEA* (50mM), a small depolaris ing  c u rre n t produced a 
b ro ad  a l l -o r -n o th in g  a c tio n  p o te n t ia l  (F ig .  3 .321  1 ). T h e  io n ic  
basis o f th is  TE A *-induced  action p o ten tia l was not in ves tig a ted . A 
previous s tu d y  on the cell body o f another cockroach motoneurone,
how ever, dem onstrated calcium to be c a rry in g  the  in w ard  c u rre n t
(Pitm an, 1979).
3.322 A m inopyrid ines
The am inopyrid ines have been re p o rte d  to increase e xc ita b ility  in  
locust neurones (Gooman and H e itle r, 1979). E xtern a l app lication  of 
5mM 4-AP and 3,4-DAP induced a progress ive  slow depolarisation  which  
was accompanied b y  spontaneous epsps (F ig . 3.322 1). A fte r  several 
m inutes d ru g  trea tm en t the  re s tin g  potentia l fu r th e r  depolarised and  
the  membrane o scilla to ry  response was abolished. In  th is  experim ent, 
the membrane p o ten tia l u n d erw en t a + llm V  depolarisation from  -68mV to  
~57mV. There  was a la rg e  red u ctio n  in  the vo ltage response to the  
same m agnitude o f applied  c u rre n t (+20nA) th a t once caused membrane 
o s c i l la t io n ,  in d ic a t in g  a c o r r e s p o n d in g  la r g e  f a l l  in  in p u t  
re s is ta n c e  o f th e  c e ll b o d y . W ash o u t w ith  n o rm a l s a lin e  le d  to  
p a r t i a l  r e c o v e r y  o f  th e  o s c i l l a t o r y  re s p o n s e  d u r in g  s t r o n g  
depolarisations (+75nA).
In  v iew  o f the  enhanced e xc ita b ility  th a t am inopyrid ines cause 
in  lo cu s t n e u ro n e s  (Goodman and  H e it le r ,  1979) th e  loss o f th e  
o scilla to ry  response and concom itant depolarisaton w ere unexpected  
e ffe c ts . To te s t  w h e th e r  th e  e x c i ta b i l i t y  o f th e  c e ll  w as s t i l l  
c a p a b le  o f  e n h a n c e m e n t  T E A * w as  e x t e r n a l l y  a p p l ie d  to  th e  
p re p a ra tio n . In  th is  e x p e rim e n t s u b s e q u e n t a p p l ic a t io n  o f TEA *
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The e f fe c t  o f  e x te r n a l ly  a p p lie d  TEA* on the  membrane response 
d u rin g  in t r a c e l lu la r  d e p o la r is a t io n .
A. In t ia c e l lu la r  c u rre n t in je c t io n  (40nA) produced a  s e r ie s  o f  
membrane v o lta g e  o s c i l la t io n s .
B. W ith in  5m ins., e x te r n a l ly  a p p lie d  TEA+ (50mM) now enabled a  
r e la t iv e ly  sm all d e p o la r is in g  pu lse (12nA) to  evoke a  broad a c t io n  
p o te n t ia l .
B ar u n d ern eath  re p re s e n ts  th e  c u r r e n t  p u ls e  d u r a t io n .  C u r r e n t  
in te n s it ie s  shown underneath . R esting  p o te n t ia l  = -61mV.
A20nA
B
Normal
20nA
4-AP 3mins. 3.5mins.
D
40ms
200ms
20nA
6mlns.
75nA
Wash lOmins.
20nA
TEA Smins.
F ig , 3 .322  1
The e f f e c t  o f  e x t e r n a l ly  a p p lie d  4 -A P  on th e  membrane re sp o n s e  
d u rin g  in t r a c e l lu la r  d e p o la r is a t io n .
A. Normal membrane rsponse to  +20nA in tr a c e l lu le ir  d e p o la r is a t io n .  
R esting  p o te n t ia l  = -68mV.
B. W ith in  Sm ins., 4-AP (5mM) caused th e  m^obrane response to  d e c lin e  
and become ir r e g u la r .  R estin g  p o te n t ia l  = no d a ta .
C. The membrane p o te n t ia l  now showed spontaneous e j»ps  o f  up to  
10 mV am p litu d e. S cale  betr 200ms. R esting  p o te n t ia l  = -58mV.
D . W ith  c o n t in u e d  d ru g  t r e a t m e n t  t h e  m em brane o s c i l l a t i o n  
disappeared corresponding to  a  massive f a l l  in  in p u t re s is ta n c e . 
R esting  p o te n t ia l  = -57mV.
E . A fte r  lOmins. wash w ith  normal s a lin e  a s trong  d e p o la ris in g  
c u rre n t (+75nA) was a b le  to  evoke a  sm all membrane o s c i l la t io n .  
R esting  p o te n t ia l  = -62mV
F . W ith in  5mins. e x te r n a l ly  a p p lie d  TEA+ (25irM) was a b le  to  b lock  
io n  channels and cause th e  appearance o f  a broad a c t io n  p o te n t ia l  in  
response to  a r e la t iv e ly  sm all d e p o la ris in g  c u rre n t (20n A ). R esting  
p o te n t ia l  = -69mV.
B ar u n d ern eath  re p re s e n ts  th e  c u r r e n t  p u ls e  d u r a t io n ,  
in te n s it ie s  shown underneath .
C u r re n t
produced a ch ara c te ris tic  broad action p o ten tia l o f approxim ately  
35ms. The fu ll  d u ra tio n  o f the  TEA+~induced action p o ten tia l could 
be observed w ith  a 100ms c u rre n t pulse,
3.323 In t r a c e l lu la r  c i t r a t e .
M ic ro p ip e tte s  w ere  f i l le d  w ith  t r i -p o t a s s iu m  c i t r a t e  ( IM )  a n d  
h y p er p o la ris in g  pulses (d u ra tio n  one second) app lied  a t a freq u en cy  
o f 0 .5H z. In t r a c e l lu la r  io n o p h o re tic  in je c t io n  o f  c i t r a t e  io n s  b y  
th is  method produced a ll-o r -n o th in g  action potentia ls  w ith in  a few  
m inutes. The action p o ten tia l am plitude v a rie d  betw een 44 to 75mV 
and betw een 5 to 8ms d u ra tio n  (F ig . 3.323 1) these action potentia ls  
w ere thus fa s te r  th an  the TEA *-induced action  poten tia l.
In tra c e llu la r  c itra te  ions are  th o u g h t to chelate a proportion  
o f c y to so lic  calc ium  ions. R e d u c in g  th e  in t r a c e l lu la r  ca lc iu m  
concentration  near the membrane w ill have two im portan t consequences:
1) The d r iv in g  force  on extern a l Ca+ w ill be increased, 
ii)  The ac tiva tio n  o f a calc ium -dependent ou tw ard  c u rre n t  
w ill be reduced.
These two e ffec ts , in  con junction , could unmask a re g e n e ra tiv e  inw ard  
c u rre n t . The ionic basis o f the c itra te -in d u c e d  action  po ten tia l was 
in ves tig a ted .
N a -fre e  saline e ith e r had no apprec iab le  e ffe c t o r, as in  th is
cye x p e rim e n t, caused  a sm all i n e r t e  in  th e  a c t io n  p o te n t ia l  (F ig .
3.323 2). A 4 -fo ld  increase (9mM to 36mM) in  e x te rn a l calcium ion  
concentration  caused o n ly  a small increase in  th e  c itra te -in d u c e d  
a c tio n  p o te n tia l (F ig  3.323 3 ). B lo c k in g  th e  c a lc iu m  in f lu x  d id ,  
h o w e v e r, r e v e r s ib ly  re d u c e  o r  a b o lis h  th e  c i t r a t e - in d u c e d  a c t io n  
p o t e n t ia l .  E x t e r n a l l y  a p p l ie d  v e r a p a m il  ( lO u M ) r e d u c e d  th e  
re g e n e ra t iv e  com ponent o f th e  a c t io n  p o te n t ia l  to  a sm all g ra d e d  
spike, w hereas Mn^* (40mM) com pletely abolished the  re g en e ra tive
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T h e  e f f e c t  o f  i o n o p h o r e t i c  i n j e c t i o n  o f  c i t r a t e  i o n s  i n t o  t h e  s o m a  
o f  c e l l  3 .
A .  N o r m a l  m e m b r a n e  o s c i l l a t i o n  i n  r e s p o n s e  t o  d e p o l a r i s i n g  c u r r e n t  
( + 4 0 n A ) .
B .  W i t h i n  S m i n s . ,  i n t r a c e l l u l a r  c i t r a t e  n o w  c a u s e d  t h e  a p p e a r a n c e  o f  
a n  a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  i n  r e s p o n s e  t o  i n t r a c e l l u l a r  
d e p o l a r i s a t i o n ,
i ,  ) A  s u b - t h r e s h o l d  8 n A  c u r r e n t  i n j e c t i o n  c a u s e s  a  p a s s i v e  m e m b r a n e  
r e s p o n s e .
i i . )  A  l O n A  c u r r e n t  i n j e c t i o n  i s  a b l e  t o  e v o k e  a n  a c t i o n  p o t e n t i a l .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 5 9 m V .
•’L ■> % .
Normal
12nA
Na-free 1 Smins.
17nA
Wash Smins
20ms
F i g .  3 . 3 2 3  2
T h e  e f f e c t  o f  N a - f r e e  s a l i n e  o n  t h e  c i t r a t e - i n d u c e d  a c t i o n  
p o t e n t i a l .
A .  N o r m a l  c i t r a t e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  1  S m i n s .  N a - f r e e  s a l i n e  h a d  v e r y  l i t t l e  e f f e c t  o n  t h e  s i c t i o n  
p o t e n t i a l .  I n  t h i s  e x p e r i m e n t  t h e r e  i s  a  s l i g h t  e n h a n c e m e n t  o f  t h e  
a c t i o n  p o t e n t i a l .
C .  A f t e r  S m i n s .  w a s h  w i t h  n o r m a l  s a l i n e .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 5 9 m V .
17nA 24nA
Normal 36mM Ca^Smhs.
20ms
F i g .  3 . 3 2 3  3
T h e  e f f e c t  o f  h i g h  c a l c i u m  s a l i n e  o n  t h e  c i t r a t e - i n d u c e d  a c t i o n  
p o t e n t i a l .
A .  N o r m a l  c i t r a t e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  H i g h  c a l c i u m  s a l i n e  ( 3 6 m M )  c a u s e d  a  s l i g h t  i n c r e a s e  i n  t h e  a c t i o n  
p o t e n t i a l .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 6 4 m V .
c o m p o n e n t  ( F i g s .  3 . 3 2 3  4  a n d  5 ) .  A  g r a d e d  s p i k e  w a s  b r o a d ,  s h o w e d  n o  
u p w a r d  i n f l e c t i o n  o n  t h e  r i s i n g  p h a s e  c h a r a c t e r i s t i c  o f  a  
r e g e n e r a t i v e  c o m p o n e n t  a n d  i n c r e a s e d  i n  a m p l i t u d e  w i t h  a p p l i e d  
c u r r e n t .  T h e s e  f i n d i n g s  p r o v i d e  m o r e  e v i d e n c e  f o r  c a l c i u m  a s  t h e  
m a j o r  i o n  c a r r y i n g  t h e  i n w a r d  c u r r e n t  u n d e r  t h e s e  c o n d i t i o n s .
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T h e  e f f e c t  o f  M n * * s a l i n e  o n  t h e  c i t r a t e - i n d u c e d  a c t i o n  p o t e n t i a l .
A .  N o r m a l  c i t r a t e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  1 , S m i n s .  M n z +  ( 4 0 m M )  t r e a t m e n t  t h e  a c t i o n  p o t e n t i a l  w a s  
c o m p l e t e l y  a b o l i s h e d .
C .  R e s t o r a t i o n  o f  t h e  a c t i o n  p o t e n t i a l  a f t e r  5  i n s .  w a s h  w i t h  n o r m a l  
s a l i n e .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 5 9 m V .
B7nA 22nA 7nA
Normal , IOmM Verapamil 2mins. Wash lOmins.I
20ms
F i g .  3 . 3 2 3  5
T h e  e f f e c t  o f  v e r a p a m i l  o n  t h e  c i t r a t e - i n d u c e d  a c t i o n  p o t e n t i a l .
A .  N o r m a l  c i t r a t e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  2 m i n s .  v e r a p a m i l  ( I Q u M )  t r e a t m e n t  r e d u c e d  t h e  r e g e n e r a t i v e  
c o m p o n e n t  t o  a  g r a d e d  s p i k e ,  d e s p i t e  i n c r e a s i n g  t h e  a p p l i e d  c u r r e n t .  .
C .  R e s t o r a t i o n  o f  t h e  a c t i o n  p o t e n t i a l  a f t e r  l O m i n s .  w a s h  w i t h  
n o r m a l  s a l i n e .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 5 9 m V .
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3.33 CHRONIC CHANGES IN EXCITABILITY.
3.331 CARBON DIO XID E TREATMENT.
W h e n  a n i m a l s  h a d  b e e n  a n a e s t h e t i s e d  i n  a  1 0 0 %  C O 2 a t m o s p h e r e  f o r  1 - 2  
h o u r s  t h e n  r e m o v e d  a l l o w e d  t o  r e c o v e r ,  c e l l  3  w a s  n o w  e n a b l e d  t o  
s u s t a i n  a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l s  w h e n  d e p o l a r i s i n g  c u r r e n t  
w a s  i n j e c t e d  i n t o  t h e  s o m a  ( F i g .  3 . 3 3 1  1 ) .  T h e  a c t i o n  p o t e n t i a l s  
w e r e  t y p i c a l l y  o f  + 4 0  t o  + 5 0 m V  a m p l i t u d e  a n d  3  t o  5 m s  d u r a t i o n .  T h e  
a c t i o n  p o t e n t i a l  r a r e l y  o v e r s h o t  z e r o  m V .  M u c h  l o w e r  c u r r e n t  
m a g n i t u d e s  i . e .  6  t o  1 2 n A  w e r e  r e q u i r e d  t o  p r o d u c e  t h e s e  a c t i o n  
p o t e n t i a l s  t h a n  w e r e  r e q u i r e d  t o  e v o k e  o s c i l l a t o r y  r e s p o n s e s .
A l t h o u g h  t h e  c a p a b i l i t y  f o r  s u s t a i n i n g  a c t i o n  p o t e n t i a l s  w a s  
u s u a l l y  p r e s e n t  a f t e r  2 4  h o u r s  a n o x i a  t h e  e a r l i e s t  r e s p o n s e  w a s  s e e n  
a t  1 7  h o u r s .  O c c a s i o n a l l y  a n  e a r l y  t r a n s i t i o n  r e s p o n s e  w a s  
o b s e r v e d ,  p r e s u m a b l y  i n  p r e p a r a t i o n s  w h i c h  h a d  n o t  y e t  d e v e l o p e d  
c o m p l e t e  e x c i t a b i l i t y .  T h e  t r a n s i t i o n  r e s p o n s e s  h a d  a  d e f i n i t e  
u p w a r d s  i n f l e c t i o n  o n  t h e  r i s i n g  p h a s e  c h a r a c t e r i s t i c  o f  a  
r e g e n e r a t i v e  c o m p o n e n t  ( a r r o w h e a d  F i g .  3 . 3 3 1  2 ) .  T h e  m a g n i t u d e  o f  
t h e  t r a n s i t i o n  r e s p o n s e  d e p e n d e d  o n  t h e  m a g n i t u d e  o f  a p p l i e d  c u r r e n t .  
T h e s e  o s c i l l a t i o n s  w e r e  l a r g e  i n  c o m p a r i s o n  t o  t h e  n o r m a l  o s c i l l a t o r y  
r e s p o n s e  a n d  m o r e  s e v e r e l y  d a m p e n e d .
T h e  i o n i c  b a s i s  o f  t h e  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  p o t e n t i a l  
w a s  i n v e s t i g a t e d .  N a - f r e e  s a l i n e  c a u s e d  a  r a p i d  r e d u c t i o n  o f  t h e  
f a s t  r e g e n e r a t i v e  c o m p o n e n t  a n d  i n s t e a d  a  b r o a d  g r a d e d  s p i k e  
p e r s i s t e d  ( P i g .  3 . 3 3 1  3 ) .  T e t r o d o t o x i n  ( T T X )  w a s  o r i g i n a l l y  r e p o r t e d  
t o  s p e c i f i c a l l y  b l o c k  f a s t  a x o n a l  N a - c h a n n e l s  ( N a r a h a s h i ,  M o o r e  a n d  
S c o t t ,  1 9 6 4 ) .  A p p l i c a t i o n  * o f  T T X  ( 5 0 n M )  a b o l i s h e d  t h e  a c t i o n  
p o t e n t i a l  ( F i g .  3 . 3 3 1  4 ) .  T h e  b l o c k  w a s  i r r e v e r s i b l e  f o r  w a s h
p e r i o d s  u p  t o  2 0 m i n s ,  A  4 - f o l d  i n c r e a s e  i n  e x t e r n a l  C a %  +
c o n c e n t r a t i o n  h a d  l i t t l e  e f f e c t  o n  t h e  a c t i o n  p o t e n t i a l .  I n  s o m e  
p r e p a r a t i o n s  t h e r e  w a s  a  s l i g h t  r e d u c t i o n  i n  t h e  h e i g h t  o f  t h e
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a c t i o n  p o t e n t i a l  i n  h i g h  C a * *  s o l u t i o n s  ( P i g ,  3 , 3 3 1  5 ) .  T h i s  m a y  
h a v e  b e e n  d u e  t o  e n h a n c e d  a c t i v a t i o n  o f  t h e  c a l c i u m - d e p e n d e n t  o u t w a r d  
c u r r e n t  w h i c h  w o u l d  i n s t i g a t e  p r e m a t u r e  r e p o l a r i s a t i o n  a n d  t r u n c a t i o n  
o f  t h e  s p i k e .  A p p l i c a t i o n  o f  M n 2 +  ( 4 0 m M )  r e v e r s i b l y  r e d u c e d  t h e  
a c t i o n  p o t e n t i a l  t o  a  b r o a d  g r a d e d  s p i k e  ( F i g .  3 . 3 3 1  6 ) .  O f t e n  a f t e r  
t r e a t m e n t  w i t h  M n ^ +  t h e  r e c o v e r i n g  a c t i o n  p o t e n t i a l  w a s  b r o a d e r  t h a n  
b e f o r e ,  a g a i n  p r o b a b l y  d u e  t o  b l o c k a d e  o f  a  c a l c i u m - d e p e n d e n t  o u t w a r d  
c u r r e n t .  F u l l  r e c o v e r y  w a s  a c h i e v e d  w i t h  p r o l o n g e d  w a s h i n g .
F r o m  t h e s e  r e s u l t s  i t  a p p e a r s  t h a t  t h e  i n w a r d  c u r r e n t  o f  t h e  
c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  p o t e n t i a l  w a s  c a r r i e d  b y  s o d i u m  a n d  
c a l c i u m  i o n s ,  t h o u g h  i t  i s  n o t  c l e a r  i f  o n e  i o n  m a k e s  m o r e  
c o n t r i b u t i o n  t h a n  t h e  o t h e r .
127
4nA
B
6nA
/ IL40ms
8nA
F i g .  3 . 3 3 1  1
T h e  e f f e c t  o f  w h o l e - a n i m a l  p r e - t r e a t m e n t  w i t h  c a r b o n  d i o x i d e  o n  t h e  
m e m b r a n e  r e s p o n s e  d u r i n g  i n t r a c e l l u l a r  d e p o l a r i s a t i o n .
A  -  C .  G r a d u a l l y  i n c r e a s i n g  t h e  m a g n i t u d e  o f  a p p l i e d  c u r r e n t  e v o k e d  
a n  a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  w i t h  a  t y p i c a l  d u r a t i o n  o f  3  t o  
5 m s .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 6 5 m V .
C u r r e n t
lOnA
B
20nA
30nA
D
J IL
4 On A 40ms
F i g .  3 . 3 3 1  2
A  t r a n s i t i o n  o s c i l l a t o r y  r e s p o n s e  a f t e r  w h o l e - a n i m a l  p r e - t r e a t m e n t  
w i t h  c a r b o n  d i o x i d e .
A  -  D .  G r a d u a l l y  i n c r e a s i n g  t h e  m a g n i t u d e  o f  a p p l i e d  c u r r e n t  e v o k e d  
a  s e r i e s  o f  d a m p e n e d  m ^ n b r a n e  v o l t a g e  o s c i l l a t i o n s .  T h e  m a g n i t u d e  
o f  t h e  r e s p o n s e  i n c r e a s e d  w i t h  a p p l i e d  c u r r e n t . T h e  r i s i n g  p h a s e  o f  
t h e  o s c i l l a t i o n s  h a d  a n  i n f l e c t i o n  r e m i n i s c e n t  o f  a  r e g e n e r a t i v e  
c o m p o n e n t  ( a r r o w h e a d ) .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 6 5 m V .
C u r r e n t
Normal
22nA
Na-free lOmins.
12nA
Wash lOmins.
20ms
F i g .  3 . 3 3 1  3
T h e  e f f e c t  o f  N a - f r e e  s a l i n e  o n  t h e  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  
p o t e n t i a l ,
A .  N o r m a l  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  l O m i n s . ,  N a - f r e e  s a l i n e  r e d u c e d  t h e  a c t i o n  p o t e n t i a l  t o  a  
b r o a d  g r a d e d  s p i k e .
C .  R e s t o r a t i o n  o f  t h e  a c t i o n  p o t e n t i a l  a f t e r  l O m i n s .  w a s h  w i t h  
n o r m a l  s a l i n e .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 6 9 m V .
ANormal
B
8nA 12nA
50nM TTX 5mhs.
15nA
Wash 17mins.
20ms
F i g .  3 . 3 3 1  4
T h e  e f f e c t  o f  T T X  o n  t h e  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  p o t e n t i a l .
A .  N o r m a l  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  5 m i n s .  T T X  ( 5 0 n M )  t r e a t m e n t  t h e  a m p l i t u d e  o f  t h e  a c t i o n  
p o t e n t i a l  w a s  b e g i n n i n g  t o  d e c l i n e  a n d  t h e  r e g e n e r a t i v e  p h a s e  w a s  
n o t  s o  d i s t i n c t i v e .
C .  A f t e r  1 7 m i n s .  w a s h  w i t h  n o r m a l  s a l i n e  t h e  g r a d e d  s p i k e  h a d  
f u r t h e r  d e c l i n e d .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 7 2 m V .
11nA
B
Normal
20ms
11nA
36mM Ca^lSmins.
1 InA
Wash lOmins.
F i g .  3 . 3 3 1  5
T h e  e f f e c t  o f  h i g h  c a l c i u m  s a l i n e  o n  t h e  c a r b o n  d i o x i d e - i n d u c e d  
a c t i o n  p o t e n t i a l .
A .  N o r m a l  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  1 5 m i n s . ,  h i g h  c a l c i u m  (S G iu M ) s a l i n e  h a d  v e r y  l i t t l e  e f f e c t  
o n  t h e  a c t i o n  p o t e n t i a l .  I n  t h i s  e x p e r i m e n t  t h e r e  w a s  a  s l i g h t  
r e d u c t i o n  i n  a m p l i t i M e .
C .  A f t e r  l O m i n s .  w a s h  i n  n o r m a l  s a l i n e .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 7 1 m V .
11nA 
Normal
B
17nA
40mM Mn^Smins.
9nA
Wash 15mhs.
20ms
F i g .  3 . 3 3 1  6
T h e  e f f e c t  o f  M n ^  + s a l i n e  o n  t h e  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  
p o t e n t i a l .
A .  N o r m a l  c a r b o n  d i o x i d e - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  S t n i n s .  M n z +  ( 4 0 m M )  t r e a t m e n t  t h e  a c t i o n  p o t e n t i a l  w a s  
c o m p l e t e l y  r e d u c e d  t o  a  g r a d e d  s p i k e .
C .  R e s t o r a t i o n  o f  t h e  a c t i o n  p o t e n t i a l  a f t e r  1 5 m i n s .  w a s h  w i t h  
n o r m a l  s a l i n e .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 6 6 m V ,
3.332 AXOTOMY.
A p p r o x i m a t e l y  4 - 5  d a y s  a f t e r  a x o t o m y  t h e  c e l l  b o d y  o f  c e l l  3  w a s  a b l e  
t o  s u s t a i n  a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l s  i n  r e s p o n s e  t o  
d e p o l a r i s i n g  c u r r e n t  p u l s e s  ( F i g ,  3 , 3 3 2  1 ) .  A c t i o n  p o t e n t i a l s  w e r e  
t y p i c a l l y  5 0  t o  7 0 m V  i n  a m p l i t u d e  a n d  3  t o  7 m s  d u r a t i o n .
T h e  i o n i c  b a s i s  o f  t h e  a x o t o m y - i n d u c e d  a c t i o n  p o t e n t i a l  w a s  
i n v e s t i g a t e d .  T h e  r e g e n e r a t i v e  p h a s e  o f  t h e  a c t i o n  p o t e n t i a l  w a s  
r e v e r s i b l y  r e d u c e d  b u t  n o t  c o m p l e t e l y  a b o l i s h e d  i n  N a - f r e e  s a l i n e  
( F i g  3 . 3 3 2  2 ) .  N o m i n a l l y  C a - f r e e  s a l i n e  r e d u c e d  t h e  a m p l i t u d e  a n d  
c a u s e d  a  b r o a d e n i n g  o f  t h e  a c t i o n  p o t e n t i a l  b u t  d i d  n o t  p r o d u c e  
c o m p l e t e  b l o c k  ( F i g .  3 . 3 3 2  3 ) .  A l t h o u g h  t h e  n o r m a l  b a t h i n g  s a l i n e  
w a s  e x c h a n g e d  f o r  o n e  l a c k i n g  c a l c i u m  i t  i s  l i k e l y  t h a t  s u f f i c i e n t  
C a 2 +  c o u l d  r e m a i n  t r a p p e d  w i t h i n  t h e  i n f o l d i n g s  o f  t h e  s o m a  m e m b r a n e  
a n d  b e t w e e n  s u r r o u n d i n g  g l i a l  c e l l s  t o  s u p p o r t  C a - d e p e n d e n t  a c t i o n  
p o t e n t i a l s .  A  f o u r - f o l d  i n c r e a s e  i n  G a ^ *  c a u s e d  o n l y  a  s m a l l  
i n c r e a s e  i n  t h e  a c t i o n  p o t e n t i a l  ( F i g .  3 . 3 3 2  4 ) .  M n z +  ( 4 0 m M )  r e d u c e d  
t h e  a m p l i t u d e  o f  t h e  r e g e n e r a t i v e  p h a s e  a n d  c a u s e d  a  b r o a d e n i n g  o f  
t h e  a c t i o n  p o t e n t i a l  ( F i g .  3 . 3 3 2  5 )  s i m i l a r  t o  t h a t  o b s e r v e d  w i t h  C a -  
f r e e  s a l i n e .  W h e n  N a - f r e e  s a l i n e  a n d  M n ^ +  ( 4 0 m M )  w e r e  c o m b i n e d  t h e  
a c t i o n  p o t e n t i a l  w a s  r e d u c e d  t o  a  g r a d e d  s p i k e  ( F i g ,  3 . 3 3 2  6 ) .  T h e  
b l o c k  w a s  m o r e  c o m p l e t e  t h a n  t h a t  o b s e r v e d  w i t h  N a - f r e e  s a l i n e  o r  
M n * *  a l o n e .
F r o m  t h e s e  r e s u l t s  i t  a p p e a r s  t h a t  t h e  i n w a r d  c u r r e n t  o f  t h e  
a x o t o m y  i n d u c e d  a c t i o n  p o t e n t i a l  w a s  c a r r i e d  m a i n l y  b y  s o d i u m  i o n s  
w i t h  a  m i n o r  c a l c i u m  i o n  c o n t r i b u t i o n .
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4nA
B
5nA
C
6nA
D
7nA
20ms
F i g .  3 . 3 3 2  1
T h e  e f f e c t  o f  a x o t o m y  o n  t h e  m e m b r a n e  r e s p o n s e  d u r i n g  i n t r a c e l l u l a r  
d e p o l a r i s a t i o n ,
A  -  D .  G r a d u a l l y  i n c r e a s i n g  t h e  m a g n i t u d e  o f  a p p l i e d  c u r r e n t  e v o k e d  
a n  a l l - o r - n o t h i n g  a c t i o n  p o t e n t i a l  w i t h  a  t y p i c a l  d u r a t i o n  o f  3  t o  
7 m s .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 7 5 m V .
BlOnA
Normal
13nA
Na-free 20mins.
10nA
Wash 20mins.
20ms
F i g .  3 . 3 3 2  2
T h e  e f f e c t  o f  N a - f r e e  s a l i n e  o n  t h e  a x o t o m y - i n d u c e d  a c t i o n  
p o t e n t i a l .
A .  N o r m a l  a x o t o m y - i n d u c e d  a c t i o n  p o t e n t i a l .
B .  A f t e r  2 0 m i n s . ,  N a - s a l i n e  s e v e r e l y  r e d u c e d  b u t  d i d  n o t  f u l l y  
a b o l i s h  t h e  r e g e n e r a t i v e  p h a s e  o f  t h e  a c t i o n  p o t e n t i a l .  T h e  
t h r e s h o l d  f o r  s p i k e  i n i t i a t i o n  w a s  m u c h  h i g h e r  t h a n  i n  n o r m a l  
s a l i n e .
C .  R e s t o r a t i o n  o f  t h e  a c t i o n  p o t e n t i a l  a f t e r  2 0 m i n s .  w a s h  i n  n o r m a l  
s a l i n e .
B a r  u n d e r n e a t h  r e p r e s e n t s  t h e  c u r r e n t  p u l s e  d u r a t i o n .  C u r r e n t  
i n t e n s i t i e s  s h o w n  u n d e r n e a t h .  R e s t i n g  p o t e n t i a l  =  - 5 8 m V .
AlOnA
B
8nA
Nomial Ca-free lOmins.
14nA
Wash ISrrwns.
20ms
F ig .  3 .3 3 2  3
T h e  e f f e c t  o f  C a - f r e e  s a l i n e  on  t h e  a x o t o m y - in d u c e d  a c t i o n  
p o t e n t i a l .
A . Norm al axo tom y-induced  e ic tio n  p o t e n t ia l .
B . A f t e r  lO m in s ., C a - f r e e  s a l in e  reduced  th e  a m p litu d e  and caused  
b roaden ing  o f  th e  r e g e n e ra t iv e  jdiase o f  th e  a c t io n  p o t e n t ia l .
C . R e s to ra t io n  o f  th e  a c t io n  p o t e n t ia l  a f t e r  15m ins. wash w ith  
norm al s a l in e
B a r  u n d e rn e a th  r e p r e s e n ts  th e  c u r r e n t  p u ls e  d u r a t i o n .  C u r r e n t  
in t e n s i t i e s  shown u n d e rn e a th . R e s tin g  p o t e n t ia l  = -77mV.
IlnA
Normal
B
17nA
40mM Mn^Na-free 
Smins.
IlnA
Wash 25mins.
20ms
F ig .  3 .3 3 2  6
The e f f e c t  o f  in  N a - f r e e  s a l in e  on th e  axo tom y-indu ced  a c t io n
p o t e n t i a l .
A . Norm al axotom y-induced  a c t io n  p o t e n t ia l .
B . A f t e r  5 m in s ., Mn^+ in  N a - f r e e  s a l in e  reduced th e  a c t io n  p o t e n t ia l  
to  a  g raded s p ik e . The combined tre a tm e n ts  p ro v id e d  a  more com plete  
b lo c k  th a n  e i t h e r  a lo n e  c o u ld  a c h ie v e .
C . R e s t o r a t io n  o f  th e  a c t io n  p o t e n t i a l  a f t e r  2 5 m in s . w ash w i t h  
norm al s a l in e .
B a r u n d e rn e a th  r e p r e s e n ts  th e  c u r r e n t  p u ls e  d u r a t i o n  
in t e n s i t ie s  shown u n d e rn e a th . R e s tin g  p o t e n t ia l  = -68mV.
C u r r e n t
13nA
Normal
13nA
36mM Ca^lBmlns.
13nA
Wash 1 Smins.
[«■i...
20ms
F ig .  3 .3 3 2  4
The e f f e c t  o f  h ig h  c a lc iu m  s a l in e  on th e  axotom y-induced  a c t io n  
p o t e n t ia l .
A. Normal axo tom y-induced  a c t io n  p o t e n t i a l ,
B . A f t e r  1 S m in s ., h ig h  c a lc iu m  (36nM) s a l in e  had no s ig n i f ic a n t  
e f f e c t  on th e  a c t io n  p o t e n t ia l .
C. A f t e r  1 Smins. wash w ith  norm al s a l in e
B a r u n d e rn e a th  r e p r e s e n ts  th e  c u r r e n t  p u ls e  d u r a t i o n .  C u r r e n t  
in t e n s i t ie s  shown u n d e rn e a th . R e s tin g  p o t e n t ia l  = -79mV.
ANormal
B
10nA 14nA
40mM Mn^1 Smins.
9nA
L
20ms
Wash SOmins.
F ig .  3 .3 3 2  5
The e f f e c t  o f  s a l in e  on th e  axotcany-induced a c t io n  p o t e n t ia l .
A . Norm al axotcany-induced a c t io n  p o t e n t ia l .
B . A f t e r  1 S m in s ., Mn* + (40mM) s a l i n e  c a u s e d  a  r e d u c t io n  a n d  a  
b ro ad en in g  o f  th e  a c t io n  p o t e n t ia l .  The r e p o la r is a t io n  phase was 
much s lo w e r th a n  b e fo re  tre a tm e n t.
C . R e s t o r a t io n  o f  th e  a c t io n  p o t e n t i a l  a f t e r  3 0 m in s *  w ash w i t h  
norm al s a l in e .
B a r u n d e rn e a th  r e p r e s e n ts  th e  c u r r e n t  p u ls e  d u r a t i o n .  C u r r e n t  
in t e n s i t i e s  shown u n d e rn e a th . R e s tin g  p o t e n t ia l  = ~64mV.
4. DISCUSSION.
The resu lts  p resented  here have many fea tu res  in  common w ith  those 
recorded from  the soma of cell 28 both u nder vo ltage-c lam p (Thomas,
1984) and c u rre n t-d a m p  (Pitm an, Tweedle and Cohen, 1979; Pitman, 
1979; 1988). P h y s io lo g ic a lly , th e s e  tw o m o to n e u ro n e s  a re  p a r t ia l  
s y n e rg is ts  in n e rv a t in g  th e  b ifu n c t io n a l c o x a l /d e p r e s s o r  m u sc les . 
Cell 28 in n e rv a te s  m uscles 177D, 177E , 178 a n d  179 w h ile  c e ll 3 
in n e rv a te s  m uscle 177C (C a rb o n e ll, 1947; P e a rs o n  an d  l ie s ,  1 9 7 0 ). 
Both motoneurones have a s trong  calc ium -dependent outw ard  c u rre n t. 
This s tu d y  attem pts to fu r th e r  characterise the pharm acology of the  
outw ard c u rre n ts . In  ad d itio n , ta il c u rren ts  from  these motoneurones 
have not been p re v io u s ly  s tud ied . The normal e lec trica l p ro p erties  
of th is  neurone w ere s tud ied  u n d er voltage-clam p before try in g  to 
induce e lectrophysio log ical changes, though i t  was out of the scope 
of th is  s tu d y  to exam ine th e  c u r r e n t  re s p o n s e  a f t e r  a n o x ia  o r  
axotomy. This s tu d y  has form ed the groundw ork on w hich fu r th e r  w ork  
on exc itab ility  can be based.
4.1 Normal vo ltag e-c lam p response.
Most of the  research  c a rr ie d  out on insect n e rve  cell bodies has 
focussed on recep to r-m ed ia ted  ion channels and ag o n is t/an tag o n is t 
in terac tions . V o ltag e-d ep en d en t ion channels have p ro b ab ly  been  
neglected because the cell bodies o f most insect neurones are  not 
a c tive ly  invaded by  action potentia ls . The d is tin c tio n  between these  
two types of ion channel has become b lu rre d  since the d iscovery  of 
t ra n s m itte r -m e d ia te d  v o lta g e -d e p e n d e n t  io n  c h a n n e ls . T h e re  is  
c u r r e n t ly  no d ire c t  e v id e n c e , h o w e v e r , f o r  t h e i r  p re s e n c e  in  th e  
insect nervous system (P itm an, 1985). This s tudy  has focussed on the  
vo ltag e-d ep en d en t ion channels o f the  soma of cell 3.
S e q u e n tia lly  d e p o la r is in g  c e ll 3 p ro d u c e d  a s e r ie s  o f n e t -
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outw ard  c u rre n t responses. Since a m ajor component of the outw ard  
c u rre n t in  cell 3 is a p p are n tly  ac tiva ted  b y  calcium in flu x  i t  should  
be possible to record  a n e t in w ard  c u rre n t from  these neurones. 
Although c it ra te - f ille d  m icroelectrodes and e x te rn a lly  applied TEA+ 
cause the soma of some insect motoneurones to generate  C a-dependent 
a c tio n  p o te n tia ls  u n d e r  c u r re n t -c la m p  c o n d it io n s , (P itm a n  1 9 7 9 ), 
n e ith e r Thomas (1984) nor the  s tu d y  u n d e rta ke n  h ere  have provided  
d ire c t evidence o f a s ig n ifican t in w ard  c u rre n t u n d e r vo ltage-clam p  
conditions. The reason fo r  th is  may be th a t the in w ard  c u rre n t is
masked by  a re la tiv e ly  ra p id ly  develop ing, la rg e  outw ard  c u rre n t. , L^ _    —   2
The inw ard  calcium c u rre n t is lik e ly  to be small as Thomas (1984)  ^ \
d e m o n s t r a te d  t h a t  s m a ll i n t r a c e l l u l a r  in c r e a s e s  in  c a lc iu m  
concentration  w ere s u ffic ien t to fu lly  ac tiva te  th e  gK.
U s in g  an e x te rn a l p h a rm ac o lo g ica l c o c k ta i l  o f TEA+ a n d  4 -A P  
combined w ith  barium  to block outw ard  K c u rre n ts  and to enhance  
inw ard  c u rre n ts  th ro u g h  calcium channels, C hris tensen  et aL (1988) 
were able to record  an inw ard  c u rre n t from  c u ltu red  em bryonic insect 
neurones from  cockroach b ra in . The in w ard  c u rre n t activa ted  ra p id ly  
w ith  maximal ac tiva tio n  o c cu rrin g  around OmV command poten tia l, 
evok ing  a c u rre n t o f approxim ately 530pA in  m agnitude. In a c tiv a tio n  
was much slower, the  ra te  o f which decreased as the command po ten tia l 
was d e p o la ris e d . A s im ila r c o c k ta il  o f o u tw a rd  c u r r e n t  b lo c k e rs  
would be needed to e ffe c tiv e ly  s tu d y  inw ard  c u rre n ts  in  cell 3,
The net outw ard  c u rre n t I - V  re la tio n sh ip  has an N -shape sim ilar 
to th a t o rig in a lly  rep o rted  in  molluscan neurones (Meech and Standen,
1974; 1975). A slowly developing c u rre n t is responsib le fo r  the hump 
in  the I -V  re la tio n sh ip  w hich can be abolished by  Cd2+ o r Mn^+ and  
thus appears to be C a-dependent. The negative  conductance reg ion  of 
the  cell 3 response is more pronounced and steeper in  comparison to
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the molluscan response. Th is  reg ion  can be explained as follows: the ' j
command po ten tia l approaches the calcium equ ilib rium  p o ten tia l the lj
d r iv in g  force on the ion is reduced and th e re fo re  no more Ca^+ is 
able to e n te r the cell and ac tiva te  the calc ium -dependent outw ard  
c u rre n t. Since th is  is a m ajor component of the  outw ard  c u rre n t, a 
decrease  in  th e  c u r r e n t  re sp o n s e  is in i t i a l l y  o b s e rv e d . T h e  
s u b se q u e n t in c re a se  in  c u r r e n t  does n o t th e r e fo r e  r e p r e s e n t  an  
increase in  a Ca2+-dependent outw ard c u rre n t, b u t rep resen ts  an 
increase in  another c u rre n t or c u rren ts .
The strong  time dependency of the N -shape w ith  resp ect to 
c u r r e n t  m easurem ents  has also b een  o b s e rv e d  in  c e l l  28 o f th e  
cockroach (Thomas, 1984) and to a lesser exten t in  Helix  neurones  
(Lux and Hofmeier, 1982a).
The peak c u rre n t response seen w ith long du ra tio n  command pulses  
was abolished by Cd2+ and is thus  ap p aren tly  due to the  calcium - 
activa ted  c u rre n t component. The decay of th is  component is slower 
than its  activa tio n . These experim ents ind icate  th a t the  mechanism  
u n d e rly in g  the c u rre n t decline may invo lve  In c a  channel in activa tio n  
or some o th er process in v o lv in g  ion re d is tr ib u tio n . In a c tiv a tio n  is 
the rap id  process b y  w hich ion channels close and are  no longer able  
to open u n t i l  in a c t iv a t io n  is  re m o ve d . T h e  a p p a r e n t  in a c t iv a t io n  
observed d u rin g  long d u ra tio n  command pulses could have been due to 
potassium  e ff lu x  w h e re b y  p o tass iu m  a c c u m u la tio n  r e s u lts  in  a :■
reductio n  of the transm em brane K g rad ien t w ith  a consequent reductio n  
in  outw ard  c u rre n t c a rr ie d  by  these ions. I t  is u n lik e ly  th a t th is  
is e n tire ly  responsib le fo r  the decline because an outw ard  c u rre n t  
persis ts  in  the presence of Cd^+ which may re p re s e n t the calcium - 
independent I k .  In  ad d ition , successive long d u ra tio n  command pulses  
cause the c u rre n t peak to decline and even tu a lly  d isappear leav ing  
the s tead y -s ta te  c u rre n t o f the p lateau reg ion  u n a ffec ted . Th is  is,
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how ever, a tem porary  loss as re s tin g  the  cell fo r  severa l minutes 
p e rm its  th e  r e tu r n  o f th e  c u r r e n t  p e a k . In s te a d  th e  a p p a r e n t  
in a c tiv a tio n  o f th e  p eak  resp o n se  a n d  i ts  lo ss  d u r in g  r e p e t i t iv e  
d e p o la r is a tio n s  may h ave  been  d u e  to  e i t h e r  Ca d e p le t io n  in  th e  
e x tra c e llu la r  space o r calc ium  a c c u m u la tio n  w ith in  th e  c e ll .  Ca^+ 
depletion  is u n lik e ly  because of the  high concentration  of Ca2+ in  
the bath ing  saline. In s tead , in tra c e llu la r  Ca2+ accum ulation d u rin g  
a s u s ta in e d  d e p o la r is a tio n  may fe e d -b a c k  on Ic a  a n d  so p r e v e n t  
activa tio n  of Ixca  as in  molluscan neurones (see F ig  1,223 1; E ckert, 
Tillo tson and Brehm, 1981).
The ra p id  c u rre n t rise  times between command potentia ls  of -50mV  
and -80mV suggest th a t v e ry  l i t t le  calcium is re q u ire d  to activa te  a 
strong  outw ard  c u rre n t. A lthough the  experim ents p resen ted  here do 
not d ire c tly  address the question o f an activa tio n  mechanism, a s tu d y  
u n d e rta ke n  on a sim ilar cockroach motoneurone, cell 28, indicated  
th a t short periods o f calcium e n try  w ere s u ffic ien t to fu lly  activate  
gK (Thomas, 1984). T h ere  a re  two a lte rn a tiv e  hypotheses reg ard in g  
the w ay in  w hich calcium activates  the  outw ard  c u rre n t:
1. The passage o f calcium th ro u g h  the membrane is c ruc ia l 
fo r  the  ac tiva tio n  of th e  potassium channel. Presum ably  
the in w ard  calcium channels a re  in  close p ro x im ity  o r may 
be lin ked  to th e  potassium channels in  o rd e r to allow the  
in flu x  of calcium ions to gate the  potassium channel,
2. T h e  in c r e a s e  in  c a lc iu m  c o n c e n t r a t io n  a t  th e  
in tra c e llu la r  membrane surface  causes the  ac tiva tio n  of the  
potassium channel.
I f  Ca2+ passing th ro u g h  the  membrane w ere s u ffic ie n t to activate  
iKCa, then  the  appearance of c itra te  induced action  potentia ls  would 
be so le ly  due to th e  in c re a s e d  d r iv in g  fo r c e  on Ca^*. T h is  is
132
u n lik e ly  because in tra c e llu la r  c itra te  has been dem onstrated to cause 
an increase in  in p u t resis tance in  cell 28, in d ica tin g  ion channel 
closure b ro u g h t about by  the suppression of an o u tw ard  c u rre n t  
(P itm an, 1979). A c tiva tio n  of I k c b  w ith in  cell 3 may, th e re fo re , be 
due to in tra c e llu la r accum ulation o f Ca^+ and may not be d ire c tly  
lin ked  to Ca^* tra v e rs in g  the  membrane.
S ym m etrica l p o s it iv e  and  n e g a t iv e  com m and s te p s  e v o k e  a 
p ro g ress ive ly  la rg e  in w ard  c u r r re n t  a t potentia ls  more negative  th an  
-190m V and an enhanced outw ard  c u rre n t a t potentia ls  more positive  
th an  +110mV. The ta il c u rre n t re v e rs a l po ten tia l fo r  the outw ard  
c u rre n t lies between -6 0  and -80mV, A larg e  h yp erp o la ris in g  command 
step may then  be s u ffic ie n t to reverse  the d r iv in g  fo rce  on the ion 
responsible fo r  the ou tw ard  c u rre n t such th a t i t  now en te rs  the  cell 
and m em brane r e c t if ic a t io n  b re a k s  d o w n . Io n s  e n te r in g  th e  c e ll  
d u rin g  a h y p erp o la ris in g  command step could, th e re fo re , tra n s ie n tly  
increase the in tra c e llu la r  concentration  of th a t ion and so increase  
the d r iv in g  force  on the ion d u rin g  subsequent depolarisation  which  
w ould  acco u n t fo r  th e  en h an ced  c u r r e n t  re s p o n s e  d u r in g  la r g e  
depolaris ing  command steps.
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4.2 Pharmacology o f the outwaird currents.
The pharm acology o f the  outw ard  c u rre n ts  was in ves tig a ted  in  term s of 
the  th ree  main potassium  c u rre n ts  extens ive ly  re p o rte d  in  molluscan 
neurones, I a , I k and Ikcb (Thopson, 1977: Adams, Sm ith and Thompson, 
1980). T h ere  are  a num ber o f compounds w hich have been rep o rted  to 
specifica lly  block one or more o f the potassium c u rre n ts  b u t th e ir  
action is o ften  not e n tire ly  specific.
4.21 O rganic and  in o rg an ic  calcium blockers.
In  th is  p re p ara tio n  verapam il, a t low concentrations, d id reduce the  
c a lc iu m -d e p e n d e n t hum p in  th e  I - V  r e la t io n s h ip .  V e ra p a m il an d  
re la te d  com pounds h ave  been u sed  th e r a p e u t ic a l ly  as c a lc iu m  
antagonists in  the trea tm en t of s u p ra v e n tr ic u la r card iac  a rrh yth m ias  
and a n g in a  p e c to r is  (F le c k e n s te in , 1 9 7 7 ). M o re  r e c e n t ly  low  , 
concentrations (10-50uM ) o f verapam il, D600 and d iltiazem  have been  
re p o rte d  to d ir e c t ly  and  s e le c t iv e ly  b lo c k  iKca in d e p e n d e n t ly  o f  
b lo c k in g  Ica in  H e lix  n e u ro n e s  (G ola  a n d  D u c re u x , 1 9 8 5 ). U n d e r  / 
c u rre n t-c la m p , e x te rn a l a p p lic a tio n  o f th e s e  c o m p o u n d s  c a u s e d  a 
broaden ing o f th e  action po ten tia l and, u n d er vo ltage-c lam p, th ey  
caused an 80% suppression  of Inca w ith in  Smins. w hile  the inw ard  
c u r r e n t  re m a in e d  r e la t iv e ly  s ta b le . T h is  c o n tr a s te d  w ith  th e  
mechanism o f cadmium blockade w hich exh ib ited  an  almost p a ra lle l ’ 
re d u c tio n  in  Ica a n d  Igca. The in w a rd  c u r r e n t  w as e v e n tu a l ly  
re v e rs ib ly  reduced  w hereas Igca blockade was ir re v e rs ib le . On the  
o th e r  hand  in t r a c e l lu la r  in je c t io n  o f D600 now c a u s e d  a p a r a l le l  
decline in  Ica and ÏKca suggesting  th a t Ixca blockade was secondary  
to Ica blockade. Gola and Ducreux (1985) concluded th a t D600 when  
e x te rn a lly  a p p lie d , was b lo c k in g  th e  Kca c h a n n e l on th e  e x te r n a l  
membrane surface .
A fte r  pro longed exposure to verapam il the  I - V  re la tio n sh ip  in  
cell 3 d iffe re d  from  th a t obtained w ith  Cd^  ^ o r Mn*+ blockade in
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th a t c u rre n ts  in  the low er arm reg ion  appeared to be fu r th e r  reduced  
in a manner sim ilar to th a t a fte r  TEA+ treatm ent. I f  verapam il w ere  
exertin g  a sim ilar e ffe c t to TEA+, how ever, application  of TEA+ in  
the presence of verapam il would not cause fu r th e r  decline in  the  
outw ard c u rre n t. This rem ains to be explored. A lthough verapam il, 
like  TEA+, is a p p are n tly  able to block a larg e  p a rt of the outw ard  
c u rre n t i t  is u n lik e ly  th a t verapam il would enhance e xc ita b ility  in  
the same w ay as TEA+ because o f its  action as a calcium blocker 
th e reb y  p re ve n tin g  the inw ard  c u rre n t.
A lte rn a tive  explainations fo r  the action of verapam il are  th a t  
e ith er the block observed a fte r  Cd^+ and Mn2+ is not complete or 
verapam il blocks a C a-indepen dent c u rre n t component as w ell as the  
C a -d e p e n d e n t c u r r e n t .  T h e re  is e v id e n c e  to  s u p p o r t  th e  l a t t e r  
proposition from  w ork  ca rrie d  out on o th er p rep ara tio n s . A lthough  
th e  m a in  a c t io n  o f  o r g a n ic  c a lc iu m  b lo c k e r s  is  to  b lo c k  th e  
transm em brane movement o f Ca2+, in  molluscan neurones verapam il also 
s u p p resses  I a and I k (K o s ty u k , K r is ta l  and  D o ro s h e n k o , 1 97 5 ). 
Kostyuk et al. (1975) proposed th a t in  the molluscan system verapam il 
behaves like  in te rn a lly  applied TEA+ in  depressing  the  s tead y -s ta te  
com ponent o f I k . Is h ik a w a  et a l.  (1 9 8 5 ) o b s e rv e d  th a t  h ig h  
c o n c e n tra tio n s  o f th e  b e n z o th ia z e p in e  ty p e  b lo c k e r ,  d il it ia z e m  
(7 3 u M ) , d e p o la r is e d  g u in e a - p ig  s m o o th  m u s c le  c e l ls  w i t h  an  
accom panying  in c re a s e  in  in p u t  r e s is ta n c e . T h is  s u g g e s te d  th a t  
d iltiaze m  was b lo c k in g  o th e r  c h a n n e ls  as w e ll a s , o r  in s te a d  o f,  
calcium channels. The phenyla lky lam ine ty p e  b locker, D600, in h ib ited  
an outw ard  potassium c u rre n t in  P u rk in je  fib re s  (Kass and Tsien, 
1975). Diltiazem , D600 or n isold ip ine w ere also observed to block  
the outw ard  c u rre n t in  fro g  a tr ia l cells (Hume, 1985). D600 was
rep o rted  to block I h in  H elix  neurones (Meech and Thomas, 1987) and  
verapam il blocked w hat is now known to be Ib in  p erfu sed  Lym naea
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neurones (B yerly  and Hagiw ara, 1982). In  v iew  of the  evidence of th is  
o th er w ork i t  is l ik e ly  th a t verapam il does not sp ec ifica lly  block 
iKca in  ' th is p rep ara tio n .
An experim ent to tes t w h eth er verapam il blocks a C a-indepen dent 
c u rre n t in  cell 3 would be to ap p ly  m oderately h igh  concentrations of 
Cd2+ or Mn2+ to the cell in  o rd e r to ra p id ly  abolish the hump and  
th en  ap p ly  verapam il and to see i f  th e re  was an y  fu r th e r  decrease in  
the  I - V  re la tio n sh ip , assuming th a t Cdz+ and Mn^+ had caused a 
complete block of the  calc ium -dependent c u rre n t.
An a d d itio n a l e f fe c t  o f v e ra p a m il t r e a tm e n t  in  c e l l  3 w as to  
cause ap p aren t increased in activa tio n  of the rem ain ing  c u rre n t which  
was more pronounced w ith  long d u ra tio n  (500ms) command pulses.
U n like  the inorgan ic  Ca b lockers which com petitive ly  block Ca b ind ing  
sites, verapam il has been rep o rted  to exert its  blockade b y  a lte rin g  
channel k inetics . For example, ex tern a l verapam il has been rep o rted  
to increase the in ac tiva tio n  of I k in  Helix  neurones. These organic  
blockers are  membrane perm eant in  cardiac muscle (Hescheler, Pelzer,
T ru b e  and T rau tw e in , 1982) and th e re fo re  may also be exertin g  th e ir  
actions in tra c e llu la r ly , e ith e r on the in n e r membrane surface or on 
cytosolic stores e.g . m itochondria or ER.
Verapam il was the  on ly  organic  calcium an tag o n ist to be tested  
on cell 3. One would expect the  re la ted  pheny la lky lam ine  blockers  
D600 and D888 (d e s m e th o x y v e ra p a m il) to  a ls o  b lo c k  th e  c a lc iu m -  
dependent hump. In d eed , D600 was successfu lly  used b y  Thomas (1984) 
to block Ikc3  in  cell 28. There  was, how ever, no mention of D600 
n o n -se lec tive ly  b locking  o th er c u rre n ts .
i4.22 Apamin. |
P rovis ional resu lts  ind ica te  th a t apamin was not able to suppress the  
iKca in  c e ll 3. E ith e r  th e  c a lc iu m -d e p e n d e n t o u tw a rd  c u r r e n t  is
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insens itive  to apamin or the apamin solution was in e ffe c tiv e . From  
th e  l i te r a tu r e ,  th e  a p a m in -s e n s it iv e  I k c b  c o rre s p o n d s  to  a sm all 
conductance channel (10-20pS ) w hich is TEA +-insensitive in  muscle 
p rep ara tio n s  (Romey and Lazdunski, 1984); B latz and M agleby, 1986a). 
The resu lts  obtained in  th is  s tu d y  on cell 3 ind icate  th a t the Ixca  
is apam in -insensitive  and TEA+-sensitive and th e re fo re  conforms to 
the  aforem entioned Isc a  category . I t  would be in te re s tin g  to tes t 
the scorpion toxin charybdotoxin  w hich is selective fo r  the la rg e  
conductance I k c s  (M ille r, M oczydlowski, L a to rre  and P h illips , 1985). 
A s tu d y  b y  D u n b a r and  P itm an  (1 9 85 ) has a lr e a d y  re c o r d e d  low  
conductance outw ard  c u rre n t channels of 5.6pS and l lp S  in  the  soma of 
cell 28, though i t  was not determ ined i f  e ith e r of these channels  
w ere activa ted  by  calcium. F u rth e r  experim ents are necessary to 
fu l ly  e xp lo re  a p o ssib le  ro le  fo r  a p am in  in  th e  in s e c t  n e rv o u s  
system.
In  fro g  ske letal muscle, apam in -recep tor b ind ing  appears to be 
dependent upon extrac e llu la r Ca2+ concentration  (T rao ré , Cognard, 
Potreau and Raymond, 1986). Apamin added to a low Ca2+ saline caused 
a 50% decrease in the outw ard  c u rre n t which was more pronounced than  
block in  the  normal saline (33% b lock), w hereas apamin in  h igh Ca2+ 
saline on ly  produced a 20% reductio n . Synaptosomal studies also 
in d ic a te  th a t  apam in b in d in g  is  d e p e n d e n t on e x te r n a l  c a t io n  
concentration . Low K+ or rub id ium  (Rb+) concentrations (lOpM to 5mM) 
in c r e a s e  m ono [ io d o a p a m in  b in d in g ,  w h e re a s  h ig h e r
c o n c e n tra tio n s  (>5mM) d ecre a se  a f f in i t y  (H u g u e s , D u v a l,  K ita b g i ,  
Lazdunski and V incent, 1982). The in te rp re ta tio n  was th a t th e re  are  
two b ind ing  sites: site 1 is the h igh  a ff in ity  b ind ing  site fo r  K+ 
and Rb+ w hich is d is tin c t from  site  2, the apamin recep to r. Cation  
occupation o f site 1 induces a conform ational change w hich encourages  
apamin b in d in g  w hereas occupation of site 2 com petitive ly  in h ib its
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apamin b in d in g . The cations may compete w ith  the p o s itive ly  charged  
apamin side chains of A rg  13 and 14 which are  th o u g h t to p a rtic ip a te  
in  recep to r b ind ing , presum ably to an anionic site  (Hugues et ah, 
1982 ).
D uring  the experim ents described here apamin was dissolved in  
norm al sa lin e  (pH 7 .2 ) and s to re d  f r o z e n  in  sm all a liq u o ts  to  be  
defrosted  when re q u ire d . In  fu tu re  experim ents Bovine serum
a lb u m in  shou ld  be ad d ed  to th e  s to c k  s o lu t io n  to  re d u c e  th e  
likelihood of apamin adsorb ing onto the conta iners or experim ental 
cham ber. A cau tio nary  note is th a t in  some lab orato ries  the e fficacy  
of some batches of apamin obtained from  SIGMA appear to be b e tte r  
th a n  o th e rs  w hich  w ere  o n ly  a b o u t 50% p u re  (B la tz ,  p e rs o n a l  
communication). This was also supported  b y  correspondence w ith  Guy 
Raymond who suggested th a t resu lts  w ith  apamin s tro n g ly  depend on the  
p u r ity  of the sample and recommended apamin from an Am erican company 
called "SERVA". In  add ition , he suggested th a t concentrated  fro zen  
a liq u o ts  o f apam in a re  v e r y  s ta b le  b u t  w h e n  s to re d  a t  lo w e r  
c o n c e n tra tio n s  some loss o f a c t iv i t y  w as n o te d , p r o b a b ly  due  to  
surface adsorption  or agglom eration.
4.23 TEA*.
TEA* (B r-) was used in  p re fe ren ce  to TEA* (Cl“) w hich has been  
re p o rte d  to contain an im p u rity , tr ie th y lam in e , w hich increases the  
pH of the cytoplasm  (Zucker, 1981). Commercial TEA* is synthesised  
from  trie th y lam in e  w hich is a weak base. T rie th y lam in e  has been  
employed as a pharm acological tool in  a lk y lis in g  the  cytoplasm  and  
o b serv in g  the  e ffec ts  o f pH p e rtu rb a tio n  in  snail neurones (Thomas, 
R. C., 1984). Z u c k e r (1981b ) r e p o r te d  th a t  h ig h  in t r a c e l lu la r  pH  
re s u lt in g  fro m  ammonia tre a tm e n t re d u c e d  th e  c a lc iu m  b u f f e r in g  
a b ility  in  molluscan neurones. The net e ffe c t was a la rg e  increase
138
in  in t r a c e llu la r  f re e  Ca^* c o n c e n tra t io n  d u r in g  c a lc iu m  in f lu x  
b ro u g h t a b o u t b y  e le c tr ic a l a c t iv i t y .  T h is  w o u ld  o b v io u s ly  h a v e  
im portan t consequences fo r  n eu ra l p ro p erties .
In  th is  p re p ara tio n  e x te rn a lly  applied TEA* appeared to block  
the calc ium -dependent c u rre n t. A lthough classically TEA* has been  
re p o rte d  to s e le c t iv e ly  b lo ck  I k  in  d i f f e r e n t  p r e p a r a t io n s ,  i t  has  
d if fe r e n t  e ffe c ts  on o th e r  p o tass iu m  c u r r e n t s  d e p e n d in g  on i ts  
concentration  and w h eth er i t  is applied in te rn a lly  or e x te rn a lly  to 
the  membrane (see section 1.221). TEA* has been rep o rted  to block a 
s ig n if ic a n t p o rtio n  o f I k c b  in  a n u m b e r o f p r e p a r a t io n s  e .g . H e lix  
neurones (Meech and S tanden, 1975), A plysia  neurones (Hermann and  
G orm an, 1981; C had , E c k e r t  and E w a ld , 1984; D ie tm e r an d  E c k e r t ,
1985), reco n stitu ted  iKCa in  p lan ar b ilip id  laye rs  (L a to rre , V erg ara  
and Hidalgo, 1982), ra b b it p o rta l v e in  smooth muscle (Inoue, K itam ara  
and Kuriyam a, 1985) and an a n te rio r p itu ita ry  cell line (Wong and 
A d le r , 1986), In  c o n tra s t , iKCa has b een  r e p o r te d  to  be T E A *-  
in sens itive  in  neurones of nud ib ran ch  molluscs (A ld rich , G etting and  
Thompson, 1979; Thompson, 1977). In  add ition , both TE A *-sensitive  
and T E A *-in sen s itive  I kcb components can occur in  the  same molluscan 
neurone (Deitm er and E ck e rt, 1985).
Abolition of the  hump in  the I - V  re la tio n sh ip  by cadmium (Im M ) 
and subsequent app lication  of TEA* caused a fu r th e r  reductio n  in  |Ioutw ard  c u rre n t. This suggests th a t TEA* also blocks a calcium - |
Iindependent c u rre n t in  ad d ition  to a C a-dependent component. The I
re la tiv e  sen s itiv ities  o f the  two c u rre n t componnets to TEA* w ere not |
1established. The pro foun d  ‘b locking action of TEA* on the outw ard  1
Jc u rre n ts  o f cell 3 accounts fo r the  appearance of soma e xc ita b ility  |Id u rin g  TEA* trea tm en t u n d er c u rren t-c lam p . T h ere  is a question as to ;]
I
w hether TEA* is b locking  a Cd2+-insensitive c u rre n t component or vw
1
enforc in g  a more complete block on the same c u rre n t as Cd^*. The i
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la t te r  is u n lik e ly  since increasing  Cd^* concentra tion  from  ImM to  
lOmM did not block the  lower arm c u rre n ts  to the  same exten t as TEA*. 
Also, cadmium even at concentrations of ImM, abolised the hump in  the  
I -V  re la tio n sh ip  w hich is c h arac te ris tic  o f the  C a-dependent c u rre n t  
component. The calc ium -insensitive  component has been re fe rre d  to as 
I k because o f its  s e n s itiv ity  to TEA*.
A lthough activa tio n  of I k  is not dependent on Ca^* in flu x  in to  
th e  soma, e x te rn a l Ca^* can a f fe c t  th e  p r o p e r t ie s  o f p o ta s s iu m  
c h a n n e ls .  Som e o f  th e s e  a l t e r a t io n s  h a v e  in  th e  p a s t  b e e n  
in te rp re te d  as in d ire c t surface charge actions w here charge screening  
causes an a p p a re n t v o lta g e -s h ift in  v o ltag e -d ep e n d e n t param eters  
(F ran ken h aeu ser and Hodgkin, 1957). Recent in ves tig a tio n s , how ever, 
have shown th a t calcium may also p lay  an im p o rtan t specific ro le  in  
th e  norm al fu n c t io n in g  o f th e  d e la y e d  r e c t i f i e r  K* c h a n n e l ( f o r  
rev iew  see Begenisich, 1988). G illy and A rm strong (1982) proposed  
th a t calcium bound near the externa l surface o f the K -channel p ro te in  
s ta b ilis e s  th e  c h a n n e l in  th e  c lo sed  c o n f ig u r a t io n .  T h e  c h a n n e l  
cannot open u n til  Ca^* leaves the b in d in g  s ite. F u r th e r  w ork by  
A rm strong and Lopez-B arneo (1987) showed th a t complete rem oval o f 
extern a l Ca^* abolished the  K* c u rre n t and was accompanied b y  an  
in c r e a s e  in  a p p a r e n t  c u r r e n t  le a k  t h o u g h t  to  be  d u e  to  a 
conform ational change leading to the loss of channel ion s e le c tiv ity . 
I t  is c lear from  these observations th a t Ca^* is not on ly  essential 
f o r  th e  n o r m a l f u n c t io n in g  o f I k c b  b u t  a ls o  f o r  th e  n o rm a l  
fu n c tio n in g  o f I k .
4.24 A m inopyrid ines .
I f  a c u rre n t component sim ilar to I a made a s ig n ifican t co n trib u tio n  
to ou tw ard  c u rre n ts  in  cell 3 one would expect to see a c u rre n t  
tra n s ie n t when the  membrane p o ten tia l was stepped from  a holding
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Xp o ten tia l o f -90mV to potentia ls  less positive  than  -30m V. There  
was, how ever, no evidence to in d ica te  the  presence o f a c u rre n t  
analogous to I a in  cell 3 o r in  a s im ilar cockroach motoneurone, cell 
28 (Thomas, 1984). In ^ o n tra s t c u ltu red  em bryonic neurones from  
co ckro ach  b ra in  h ave  been  re p o r te d  to  e x h ib it  a 4 -A P -s e n s it iv e  
outw ard  c u rre n t (C hristensen et aLj 1988). The o rd e r o f magnitude  
of I a in  molluscan neurones ranges from  one to severa l hundred nA 
(Connor and Stevens, 1971b; Thompson, 1977). A lthough the net outw ard  
c u rre n t response measured in  th is  s tu d y  usually  reached the uA range  
and the expected I a response would be an o rd e r of m agnitude less, a 
response of th is  size would have been v is ib le . Thus, I a , i f  present 
a t a ll makes on ly  a small c o n trib u tio n  to the net outw ard  c u rren ts  in  
a d u lt  c e ll  3.
I f  a f a s t  t r a n s ie n t  c u r r e n t  w e re  p r e s e n t ,  p e r h a p s  th e  
e x p e rim e n ta l co n d itio n s  w ere  no t o p tim a l to  o b s e rv e  th is  c u r r e n t  
component. In  the experim ents p resented  here a holding potentia l of 
-90m V  may not h ave  been s u f f ic ie n t ly  n e g a t iv e  to  re m o ve  th e  
in a c tiv a tio n  o f I a . M ore n e g a tiv e  h o ld in g  p o te n t ia ls  w e re  n o t  
employed w ith  the single command step regim e in  o rd e r to reduce the  
p o s s ib i l i t y  o f  c e l l  d a m a g e . I n  o r d e r  to  f u l l y  in v e s t ig a t e  th e  
possibile presence o f a tra n s ie n t c u rre n t, a double pulse command 
step regim e is re q u ire d . This would enable a sh o rt conditioning  
h y p e rp o la r is in g  (g re a te r  th a n  -9 0 m V ) s te p  to  be g iv e n  d i r e c t ly  
fo l lo w e d  b y  a t e s t  p u ls e  to  v a r io u s  d e p o la r is e d  p o t e n t ia ls .  . )
U n fo rtu n a te ly  i t  was not possible to generate  such command steps a t 
the time of these experim ents. For molluscan neurones the peak  
am plitude of I a depends upon the condition ing  command vo ltage and the  
fo llo w in g  te s t s tep  v o lta g e  (C o n n o r a n d  S te v e n s , 1 9 7 1 b ). T h is  
technique combined w ith  k in e tic  and pharm acological investiga tion  
would p ro v id e  a more thorough search fo r  I a in  cell 3.
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A lthough the am inopyrid ines d id  not block an e a rly  c u rre n t u n d er  
vo ltag e-c lam p th ey  d id  s h ift  the vo ltag e-d ep en d en cy  of the hump 
a c t iv a tio n  to w ard  m ore n e g a tiv e  p o te n t ia ls .  T h is  r e p r e s e n ts  a n
hastened rise  of the  slow ly developing c u rre n t. The mechanism of 
th is  is unclear.
A lthough 4-AP has been rep o rte d  to induce a ll-o r -n o th in g  action  
p o t e n t ia ls  in  th e  lo c u s t  F E T i (G o o d m a n  a n d  H e i t l e r ,  1 9 7 9 ) ,  
application  of am inopyrid ines to cell 3 did not enhance e xc ita b ility
in  cell 3 u n d er c u rren t-c la m p . In  fa c t in  c u rre n t-c la m p  record ings  
both 4-AP and 3,4-DAP caused a red u ctio n  in  the am plitude of the  
voltage response produced b y  c u rro n t pulses of s tan d ard  am plitude  
w ith  the even tu a l loss of the  oscilla to ry  response. Th is  rep resen ts  
a la rg e  co n d u c tan ce  in c re a s e . A m in o p y r id in e s  a lso  c au s e d  a 
p ro g ress ive  slow depo larisation  which was also observed in  the locust 
F E T i (Goodman and H e it le r ,  1979). T h is  d e p o la r is a t io n  co u ld  be  
accounted fo r  a t least in  p a rt by an increase in  non -sp ec ific  leakage  
c u rre n t. I t  is th e re fo re  possible th a t the leakage c u rre n t has a 
calcium component w hich is able to ac tiva te  gKca and, u n d e r v o ltag e - 
clam p, p ro d u c e  th e  s h if t  in  th e  I - V  r e la t io n s h ip  r e p r e s e n t in g  an  
enhanced outw ard  c u rre n t fo r  a g iven  command p o ten tia l. An enhanced  
outw ard  c u rre n t may e ffe c tiv e ly  dampen the o sc illa to ry  response. The  
slow d e p o la r is a tio n  m ay also c o n tr ib u te  to  th e  in a c t iv a t io n  o f an  
in w ard  conductance and th e re b y  suppress e xc ita b ility .
A lthough a t low concentration  (<2mM) the  am inopyrid ines and
th e ir  d e riv a tiv e s  a re  selective fo r  I a ,  w hen e x te rn a lly  applied to 
molluscan neurones (Thompson, 1977; Hermann and Gorman (1981a) a t 
c o n c e n tra tio n s  o f 5mM o r g r e a te r ,  a m in o p y r id in e s  a f f e c t  o th e r  
potassium conductances. When in w ard  Na+ and Ca^* c u rre n ts  w ere
blocked, 4-A P blocked the rem aining I k .  In  ad d itio n , 4-AP increased
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the iKca evoked by  in tra c e llu la r  ionophoretic  in jec tio n  of Ca2+ i.e. 
caused a gx increase (Hermann and Gorman, 1981a). This was observed  
as an increase in  ou tw ard  c u rre n t response between potentia ls  o f -  
70mV and +50mV. S im ilar changes w ere occasionally seen in  th is  
p rep ara tio n .
4 -A P  is a w eak  base and has b e en  r e p o r te d  to  in c re a s e  
in tra c e llu la r  pH and b u ffe r in g  capacity  in  snail neurones in  response  
to acid in jec tio n  (S zatkow ski and Thomas, 1987). Such in tra c e llu la r  
a lk a ly s a tio n  co u ld , in  p r in c ip a l,  a f fe c t  th e  c a lc iu m  b u f f e r in g  
capacity  o f the  cell (Moody, 1984). Hermann and Gorman (1981a), 
h o w e ve r, d e m o n s tra te d  th a t  th is  w as n o t th e  case  b y  m e a s u r in g  
in tra c e llu la r  Ca2+ concentration  w ith  arsenazo I I I  d u r in g  app lication  
of 4-AP. They  suggested th a t am inopyrid ines d ire c tly  a ffec ted  the  
activation  of the gK by Ca2+,
4.25 C h loride  ion c o n trib u tio n .
Reducing the  ex te rn a l ch loride  concentration  c le a rly  had a pro found  
e ffe c t in  in creasin g  the  ra te  of ac tiva tio n  of the  slowly developing  
c u rre n t. Low ch lo ride  saline also caused an o vera ll reductio n  in  the  
net outw ard  c u rre n t. C hloride ions may then  have a d ire c t ro le in  
c a rry in g  the  ou tw ard  c u rre n t or a lte rn a tiv e ly  a ffe c t the conductance  
of another ion.
The sim plest explanation  is th a t d u rin g  depo larisation  ch loride  
en ters  the  cell and a n e t in w ard  flow  of n eg ative ly  charged ions is 
q u a lita tiv e ly  the  same as a net outw ard  flow o f positive  ions w hich  
constitu tes  an o u tw ard  c u rre n t. This does, how ever, assume th a t the  
eq u ilib rium  p o ten tia l fo r  ch loride  in  th is  cell is equal to, or more 
n e g a tiv e  th a n , th e  h o ld in g  p o to e n tia l o f -7 0 m V . T h e r e  is  good  
evidence from  c u rre n t-c la m p  experim ents th a t th e  ch lo ride  eq u ilib riu m  
poten tia l in  insect neurones is more negative  than  the normal re s tin g  
potentia l. Gamma am ino butyric  acid (GABA) h yp erp o la rises  DUM cells
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(K erku t, Pitman and W alker, 1969a: 1969b) which could be reversed  by  
in je c tin g  ch loride  in to  the  cell body (Pitm an and K e rku t, 1970),
A p art from  the  d ire c t invo lvem ent o f ch loride  ions in  c a rry in g  
c h a rg e , c h lo r id e  m ay be a c t in g  in d i r e c t ly  on th e  c o n d u c ta n c e  o f 
a n o th e r ion i.e . c h lo r id e  e n te r in g  th e  c e ll  a c t iv a te s  an  o u tw a rd  
potassium c u rre n t ( I k c i ) .  Thus the outw ard  c u rre n t generated  by the  
in flu x  o f ch loride  ions w ould its e lf  produce fu r th e r  ou tw ard  c u rre n t  
b y  a c t iv a tio n  o f th e  po tassium  c u r r e n t .  T h e re  is , h o w e v e r , no 
precedence fo r a c h lo rid e -a c tiv a te d  potassium c u rre n t in  excitable  
cells. One could speculate th a t i f  th e re  is an I kci in  th is  neurone  
i t  may correspond to the  TEA*-sensitive/Cd2+“in sen s itive  portion  of 
the outw ard  c u rre n t. Much more w ork  is req u ire d  to in ves tig a te  the  
n ature  of the  ch lo ride  c o n trib u tio n  in  cell 3.
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4.3 Properties of th e tail currents.
Com m and p u ls e s  o f  50m s o r  g r e a t e r  w e re  e m p lo y e d  in  th e  
c h a ra c te r is a tio n  o f th e  n e t o u tw a rd  c u r r e n t s .  T h e  t a i l  c u r r e n t  
relaxation a t the end of th e  command step was in w ard  fo r  command 
pulse durations g re a te r  th an  50ms. On closer exam ination the  ta il 
c u rre n t I - V  re la tio n sh ip  fo r  command pulses g re a te r  than  20ms had a 
complex M -shape. The in w ard  d ip  of the  M -shape could be due to:
i.) an increase of an in w ard  c u rre n t,
ii.)  a red u ctio n  of an outw ard  c u rre n t or
ii i.)  a com bination o f both mechanisms.
The f i r s t  p o s s ib ility  is  u n l ik e ly  as th e  lo w e s t p o in t  o f th e  d ip  
o c c u rre d  a ro u n d  a command p o te n t ia l  o f +60m V w h ic h  is  f a r  too  
positive  fo r  the in w ard  d ip  to be explained by an increase in  inw ard  
c u rre n t as one would expect a cation conductance to be approaching  
its  e q u ilib r iu m  p o te n tia l w h ich  w o u ld  in  t u r n  re d u c e  th e  d r iv in g  
force on th a t ion and p re v e n t ions en te rin g  the cell.
The second p o ss ib ility  is a red u ctio n  of an outw ard  c u rre n t due 
to a s h ift in  E k to such a degree  th a t it  becomes more positive  than  
th e  h o ld in g  p o te n tia l th e re fo re  K+ w il l  e n te r  th e  c e ll  th r o u g h  
channels which rem ain open a t the end of a command pulse to produce  
an inw ard  ta il c u rre n t, H odgkin and Frankenhauser (1956) proposed  
th a t a t the end o f a command pulse ions w ill have accum ulated in  the
p e ria x o n a l space. T h e re  is  good e v id e n c e  fo r  th e  p o s s ib i l i t y  o f
e x t r a c e l lu la r  io n  a c c u m u la t io n  in  th e  in s e c t  p r e p a r a t io n .  
Histological examinations of insect neurone cell bodies have shown 
th a t the n eu ra l membrane is h ig h ly  info lded (Holm gren, 1900; Hess, 
1958). The f in g e r - l ik e  p ro c es s es  o f th e  in n e r  g l ia l  la y e r  can  
f r e q u e n t ly  p e n e tra te  th e  n e u ro n e  c y to p la s m  to  fo rm  n e tw o rk s  o f 
canalicu li called the  trophospongium  (Holmgren, 1900) w hich would
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re s tr ic t  ex trace llu la r space and fa c ilita te  ion accum ulation. Thomas 
(1984) calculated a membrane capacitance of 10 pF /cm * fo r  cell 28 
which is h igh  fo r  the  a p p are n t surface area of the cell and fu r th e r  
re flec ts  the considerable membrane in fo ld ings.
The e ffe c t o f accum ulation on the ta il c u rre n ts  would be most 
ap p aren t when the outw ard  c u rre n ts  are  large . The peak of the hump 
in  th e  o u tw a rd  c u r r e n t  I - V  r e la t io n s h ip  is  l i k e ly  to  r e f le c t  th e  
inw ard  d ip  o f the ta il c u r re n t  I - V  re la tionsh ip . F u rth erm o re , as the  
outw ard  c u rre n ts  rise  in  the  u p p er arm of the cu rve  th is  causes the  
ta il c u rre n ts  to become in w ard  again.
S uperim posed  on th is  tre n d  is  th e  e f fe c t  o f in c re a s in g  th e  
command pulse d u ra tio n  and thus increasing  the amount o f c u rre n t  
f lo w in g  w h ic h  in  t u r n  w i l l  e le v a t e  K* a c c u m u la t io n  in  th e  
e xtrace llu la r space. Consequently  the whole M -shape w ill be forced  
more inw ard .
F u rth e r  observations w ith  double command steps showed th a t  
increasing  the pulse ( I)  d u ra tio n  from  10 to 50ms caused a positive  
s h ift in  re v e rs a l po ten tia l re p res e n tin g  e ith e r a tw o -fo ld  decrease  
in  a n io n  c o n c e n t r a t io n  o r  a t w o - f o ld  in c r e a s e  in  c a t io n  
c o n c e n t r a t io n .  A l th o u g h  t h e r e  is  e v id e n c e  f o r  a c h lo r id e  
c o n trib u tio n , potassium ions are  most lik e ly  to be the m ajor outw ard  
c u rre n t c a rry in g  ion since TEA+ was able to dram atica lly  suppress the  
outw ard  c u rre n t. A lte rin g  the ex te rn a l K+ concentration  between 3.1 
and 15mM, how ever, had a small and inconsistent e ffe c t on the ta il 
c u rre n t re v e rs a l potentia l. Th ere  was c e rta in ly  not the  response  
p red icted  b y  the N ernst equation . I f  K+ ions do c a rry  most or a ll of 
th e  o u tw a rd  c u r r e n t ,  th e  in s e n s i t iv i t y  to  e x te r n a l  K+ c o u ld  be 
accounted fo r  b y  re s tr ic te d  exchange between ex te rn a l solutions and  
the ex trace llu la r space w hich is consistent w ith  the  e ffec ts  of pulse  
d u ra tio n  as discussed above. Thomas (1984) m easured the  re v e rs a l
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potentia l of the c u rre n t e lic ited  by a standard  Ca in jec tio n  into  the  
soma of cell 28. Th is  s tu d y  showed th a t changes in  ex tern a l K+ 
c o n c e n tra tio n s  o n ly  p ro d u c e d  a s h i f t  in  th e  r e v e r s a l  p o te n t ia l  
p red icted  b y  the N ernst equation a t concentrations above lOmM. On 
the basis of these observations i t  would be necessary fo r  fu tu re  
e xp e rim en ts  to d e te rm in e  th e  K + -d e p e n d e n c y  o f th e  t a i l  c u r r e n t  
re v e rs a l p o te n tia ls  use e x te rn a l K+ c o n c e n tra t io n s  b e tw e e n  10 to  
30mM. U lt im a te ly  p a tc h -c la m p in g  w o u ld  o v erc o m e  th e  p ro b le m s  o f  
accum ulation and, depending  on the patch co n fig u ra tio n  employed, i t  
w ould en ab le  th e  in te r n a l  o r e x te r n a l  io n  e n v ir o n m e n t  to  be 
m anipulated.
4.4 Summary o f vo ltag e -d ep en d en t c u rre n ts  in  th e  soma o f cell 3.
In  co n c lu s io n , F ig  4.4 1 shows a d ia g ra m m a tic  r e p r e s e n ta t io n  o f 
id e n t if ie d  and p u ta t iv e  v o lta g e -d e p e n d e n t  c u r r e n t s  a n d  t h e i r  
associated pharm acological agents in  the soma o f cell 3. A lthough  
th e re  is  no in d ic a tio n  o f th e  r e la t iv e  d e n s it ie s  o f th e  c u r r e n t  
ch an n e ls , I k and Ikcb c o n tr ib u te  a m a jo r  p o r t io n  o f th e  o u tw a rd  
c u rre n t w hile ch loride  ions may make some c o n trib u tio n . Th is  scheme 
d e s c r ib e s  th e  s i t u a t io n  so f a r .  T h e  i d e n t i f i c a t i o n  o f  o t h e r  
re ce p to r-lin k e d  channels has not been discounted and is in  its e lf a 
la rg e  and com plex f ie ld  o f re s e a rc h  b e y o n d  th e  scope o f th is  
investiga tion .
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A diagram m atic re p res e n ta tio n  of id e n tifie d  and p u ta tiv e  c u rre n ts  and  
th e ir  associated pharm acological agents in  the soma of cell 3 of the  
cockroach (PerJplaneta amez'icana).
4.5 Changes in excitability  under current-clam p.
4.51 Norm al c u rre n t-c la m p  response.
The dampened membrane vo ltage oscillations observed d u rin g  c u rre n t  
in jec tio n  in to  insect neurones have also been re p o rte d  in  crustacean  
muscle (F a tt and Katz, 1953; Atwood, 1967) and Paramecium  (Naitoh,
E ck e rt and Friedm an, 1972). Crustacean muscle oscillations, u n like  
in s e c t m otoneurone o s c illa tio n s , had  an  in f le c t io n  on th e  r is in g  
phase s u g g e s tin g  a re g e n e ra t iv e  c u r r e n t  re s p o n s e . T h e  in s e c t  
response reached a more s teady membrane voltage fo r  the  d u ra tio n  of 
th e  p u lse . T h is  cou ld  in d ic a te  a r e g e n e r a t iv e  in w a rd  c u r r e n t  
followed b y  a ra p id , s trong  outw ard  c u rre n t (Pitm an, 1979). From the  
vo ltage-c lam p data the  dam pening o f the oscillations could be due to 
the p rogressive  ac tiva tio n  o f Inca b y Ca^* e n te rin g  the cell to g e th er  
w ith  the ac tiva tio n  of the  C a-indepen dent component.
4.52 A cute changes in  e x c ita b ility .
The soma of cell 3 can be acu te ly  enabled to su p p o rt a ll-o r -n o th in g  
a c tio n  p o te n tia ls  b y  e x te rn a l a p p lic a t io n  o f TEA+ o r  in t r a c e l lu la r  
in jec tio n  of c itra te  ions. Both treatm ents produce calc ium -dependent 
action potentia ls  b u t th e y  are  m arked ly  d iffe re n t in  shape (Pitm an,
1979). The TEA+-induced action potentia l is much b ro ad er than  the  
c itra te -in d u c e d  action p o ten tia l. This is not s u rp ris in g  because the  
voltage-c lam p data dem onstrates th a t TEA+ has a p ro foun d b locking  
action on the  outw ard  c u rre n ts  and th e re fo re  rep o larisa tio n  is lik e ly  
to occur e ith e r much more slowly b y  the rem aining unblocked c u rre n ts  
o r b y  some o th e r  m echanism  e .g . c a lc iu m  in a c t iv a t io n  o f c a lc iu m  
c u r re n ts  (E c k e r t  e t  aL , 1981). On th e  o th e r  h a n d  in t r a c e l lu la r  |
c itra te  is th o u g h t to  chelate a p ro p o rtio n  of the  fre e  in tra c e llu la r  41Ca2+, which would have two im p o rtan t consequences;
i. The transm em brane g ra d ie n t fo r CaZ+ would be increased
■iand th e re fo re  the d r iv in g  fo rce  on the Ca2+ e n te rin g  the  i
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ce ll w ould be g re a te r  and d e p o la r is a t io n  w o u ld  e v o k e  a 
la rg e r  Ca c u rre n t.
i i .  T h e  c a lc iu m - d e p e n d e n t  o u tw a r d  c u r r e n t  w i l l  be  
in d ire c tly  reduced due to a decreased a v a ila b ility  of fre e  
Ca2+ a t the in n e r membrane surface.
C itra te  e ffe c tiv e ly  low ers the  baseline from  which calcium en te rin g  
th e  cytop lasm  a c tiv a te s  In c a  th e r e fo r e  In c a  w as s t i l l  a b le  to  be 
activa ted  and take  p a r t  in  rep o larisatio n , a lb e it to a lesser exten t 
th a n  norm al. F u r th e r  e v id e n c e  fo r  th e  ro le  o f I k c e  in  s p ik e  
repo larisation  comes from  the  c u rren t-c la m p  data w here C a -fre e  saline  
and Mn2+ saline cause broaden ing  of the axotom y-action poten tia l. In  
fa c t Mn2* trea tm en t can o ften  enhance the  am plitude o f the la rg e ly  
s o d iu m -d e p e n d e n t a c tio n  p o te n t ia l p re s u m a b ly  b y  b lo c k in g  Ca^* 
activa tion  of Ixca and so d e lay ing  repo larisation .
4.53 C hronic changes in  e x c ita b ility .
C h ro n ic  chang es  in  th e  e x c ita b i l i ty  o f c e ll 3 b r o u g h t  a b o u t b y
axotomy or carbon dioxide trea tm en t produced action potentia ls  w hich
w ere sodium - and ca lc ium -dependent, though the re la tiv e  co n tribu tions  
appear to be d iffe re n t w ith  the two treatm ents. Axotomy gave rise  to 
la rg e ly  N a -d e p e n d e n t a c tio n  p o te n t ia ls  w ith  a s m a lle r  c a lc iu m  
co n trib u tio n , w hile calcium a p p a re n tly  made a la rg e r  c o n trib u tio n  to 
carbon dioxide action poten tia ls . These fin d in g s  c o n tras t w ith  cell 
28 w here colchicine (Pitm an, 1975), axotomy (Pitm an, Tweedle and  
Cohen, 1972) o r anoxia  (P itm an , 1988) p ro d u c e d  la r g e ly  s o d iu m -  
d e p e n d e n t ac tio n  p o te n tia ls . U n d e r  n o rm a l c o n d it io n s  b o th  c e lls  S|
p ro d u ce  s im ila r o s c illa to ry  re s p o n s e s  to  d e p o la r is a t io n  u n d e r  |
cu rren t-c la m p  and have sim ilar I - V  re la tionsh ips  u n d e r vo ltage-c lam p. 
P resu m ab ly  th is  d if fe re n c e  b e tw e e n  c e ll  3 an d  c e ll  28 can  be  
a ttr ib u te d  to a d if fe re n t d en s ity  o f c u rre n t channels induced by
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chronic  changes in  e xc itab ility .
T h e  m a in  r e a s o n  f o r  c h o o s in g  c e l l  3 f o r  t h is  s t u d y  on  
e xc ita b ility  was because n erve  4, conta in ing  the axon of cell 3, is 
small and contains almost e n tire ly  motoneurone axons (Dresden and  
N ije n h u is , 1958). T h is  rem oves th e  p ro b le m  o f d e a f fe r e n t a t io n  
causing possible secondary e ffects  in  e xc itab ility .
Axotomy and anoxia have been c lea rly  shown to enhance the  
e lec trica l p ro p erties  o f cockroach motoneurones u n d e r cu rren t-c la m p . 
The appearance of a reg en e ra tive  inw ard  c u rre n t may in  p rin c ip le  be 
d ir e c t ly  o b s e rv e d  u n d e r  v o lta g e -c la m p , a llo w in g  a m ore c o m p le te  
analysis of changes observed u nder these conditions.
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4.6 Com parison o f an  in exc itab le  soma w ith  an  exc itab le  soma.
A group of insect neurones called DUM cells (Hoyle e t  ai., 1974) 
norm ally exh ib it overshooting  action potentia ls  (Callec and Boistel, 
1966; K e rku t et ai., 1968). The DUM cells appear to have sym m etrical 
d e n d ritic  b ran ch in g  p a tte rn s  (Hoyle et ai., 1974). Most of the DUM 
cells  co n ta in  and  re le a se  th e  n e u ro m o d u la to r , o c to p a m in e , a t  th e  
n e u ro m u sc u la r ju n c tio n  (NMJ) (E v a n s  a n d  O’ S h ea , 1977; 1 9 7 8 ). 
Subsequent in vestig a tio n s  in  the locust, how ever, showed th a t not a ll 
of the DUM cells w ere u n p a ired , and some DUM cells w ere in t r a -  
ganglionic in te r  neurones (Hoyle, 1978).
The a c tio n  p o te n tia ls  fro m  DUM n e u ro n e  c e ll  b o d ie s  in  th e  
cockroach 6th abdom inal ganglion w ere shown to be abolished in  N a- 
fre e  saline (Jégo, Callec, Pichon and Boistel, 1970). In  the  locust, 
ac tio n  p o te n tia ls  fro m  D U M ETi w e re  a ls o  b lo c k e d  b y  Co%+ o r LaS+ 
in d ic a t in g  a c a lc iu m  c o n t r ib u t io n  in  a d d i t io n  to  a s o d iu m  
co n trib u tio n  (Goodman and H e itle r, 1979).
U nder voltage-c lam p the c u rre n t response from  motoneurone 28 and  
a DUM neurone of the cockroach had a sim ilar N -shape I - V  re la tio n sh ip  
(Thom as, 1984). W ith DUM ce lls  th e r e  w as , h o w e v e r , a n e t - in w a r d  
c u rre n t w hich was most e v id e n t a t a command po ten tia l o f -30mV and  
w hich  p e rs is te d  in  C a -fre e  s a lin e  p re s u m a b ly  d u e  to  a sod ium  
co n trib u tio n . The outw ard  c u rre n ts  recorded from  DUM cells w ere  
almost an o rd e r o f m agnitude smaller th an  cell 28 in  accordance w ith  
a smaller cell body size. The m ajor d iffe ren ce  between the two 
responses was th a t the  n egative  conductance reg ion  of the DUM cell 
response o ccurred  a t more négative  potentia ls  (betw een +60 to +70mV), 
compared to +100mV fo r cell 28, though the  physio logical s ignificance  
was unclear. From th is  s tu d y  i t  appears th a t the  main d iffe ren ce  in  
term s of v o ltag e -d ep en d en t ion channels between an inexcitab le  and  
excitable cell body is the presence o f sodium channels capable of
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generating a net inward current.
S in g le  c h an n e l re c o rd in g s  fro m  in s e c t  n e u ro n e s  in d ic a te  a 
d iffe ren ce  in  the classes of ou tw ard  u n ita ry  c u rre n t in  these two  
n erve  types (D unbar and Pitm an, 1985). Dunbar and Pitman (1985) 
id e n t if ie d  a t  le a s t th re e  c lasses o f o u tw a rd  u n i t a r y  c u r r e n t s  
recorded from  the soma o f DUM neurones, w ith  conductances of 11, 34 
and llO p S . The two lower conductance channels w ere dem onstrated to 
co n d u c t K+. The in e x c ita b le  soma o f c e ll  28 a ls o  h ad  th e  l l p S  
channel and in  ad d itio n  a smaller 5.6pS channel, b u t lacked the  34 
and llO pS  channels. I t  appears, th e re fo re , th a t the  d iffe ren ces  in  
exc itab ility  shown by d iffe re n t classes of insect neurone may depend  
not only upon the  ty p e  o f in w ard  channel p resen t b u t also upon the  
diffe rences  in  populations of outw ard  c u rre n t channel.
4.7 P hysio log ica l and tech n ica l s ig n ifican ce  o f an  in exc ita b le
soma.
In sec t neuronal somata are  situated  a t the p e r ip h e ry  of the  ganglion . 
The cell bodies o f insect neurones are  devoid of synapses. The  
den d ritic  tre e  branches o ff the u n ip o lar axon a t some distance from  
the cell body and arborises  w ith in  the  c en tra l neurop ile  w here in p u t  
and o u tp u t synaptic  connections are  made w ith  o th e r neurones. Why 
then  are  these v o lta g e - and io n -g a ted  channels p resen t in  the soma 
w hen th e re  is  no a p p a re n t fu n c t io n a l s y n a p t ic  ro le  f o r  them ?  
P erh a p s  an in e x c ita b le  c e ll-b o d y  i .e .  one t h a t  c a n n o t n o rm a lly  
sustain action po ten tia ls , would ensure  th a t action potentia ls  tra v e l  
orthodrom ica lly  in  th a t the soma may otherw ise act as a "s ink" and  
cause an in a p p ro p ria te  second rebound impulse to follow  the in it ia l  
one. The com bination of a re la tiv e ly  h igh re s tin g  po ten tia l (betw een  
-7 0  and -75m V) and a la rg e  (in  the juA range) ra p id  ou tw ard  c u rre n t  
elic ited  on depo larisation  m aintains the  cell body in  an inexcitab le
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State. Despite the  lack o f synaptic  contact i t  would be in te res tin g  
to te s t th e  e ffe c t  o f t ra n s m it te r  s u b s ta n c e s  e .g . a c e ty lc h o lin e ,  
dopamine, GABA, octopamine, upon the I - V  re la tio n sh ip . V o ltage-
dependent ions observed u n d e r vo ltage-c lam p may be in fluenced  b y  a 
neurom odulators a n d /o r  neurohorm ones leading to changes in  the  
e lec trica l p ro p erties  of the  soma.
The q u estio n  w h ich  faces  p h a rm a c o lo g is ts  is , w h e th e r  th e  
e le c tr ic a l c h a ra c te r is t ic s  o f a n e u ro n e  c e ll  b o d y  is  in  a n y  w a y  
re fle c tiv e  of the e le c trica l p ro p e rties  w ith in  the  d is tan t synaptic  
regions. Evidence from  c ra y fis h  shows th a t axotom y-induced action  
p o te n tia ls  in  th e  e f fe r e n t  f le x o r  in h ib i t o r  n e u ro n e s  w e re  a ls o  
accompanied by increased e xc ita b ility  in  the n eu rites  (Kuwada and  
Wine, 1981). T h ere  was also evidence fo r  an increase in  exc itab ility  
in the neurop ile  o f the locust DUMETi a fte r  axotomy (Goodman and  
H e itle r , 1979). T h is  th e o re t ic a l e x t r a p o la t io n  is  an  im p o r ta n t
consideration because the accessib ility  and size o f the  soma provide  
a ttra c tiv e  advantages fo r  e lectrophysio log ical and pharm acological 
in v e s tig a tio n . In  a d d itio n , th e  soma can  be a c u te ly  is o la te d  b y  
surface asp ira tio n  (Pitm an, 1988).
4.8 F u tu re  research  d irec tio n .
The o b jective  of th is  thesis was to characterise  as fa r  as possible  
the v o ltag e-d ep en d en t n e t outw ard  c u rre n ts . An extension of th is  
w o rk  w ould  be to  c h a ra c te r is e  th e  s in g le  c h a n n e l p r o p e r t ie s
u n d e rly in g  these macroscopic c u rre n ts . So fa r  th e re  have been only
two re p o rts  of s ingle channel record ings  from  insect neurones in  the  
l ite ra tu re . The f i r s t  re p o r t  by D unbar and Pitm an (1985) p rov ided  
the f ir s t  c lear evidence fo r  d iffe re n t channel populations u n d e rly in g  
the physio logy of e le c tr ic a lly  excitable (DUM cell) and inexcitab le  
(cell 28) motoneurones. The second m ajor re p o rt b y  Chistensen et al, 
(1988) used cells from  c u ltu red  em bryonic cockroach bra in s  and found
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u n ita ry  conductances ra n g in g  from  15 to llO pS  (15, 35, 74 and llO p S ). 
T h o u g h  to  w h a t  e x t e n t  th e  e le c t r i c a l  p r o p e r t ie s  o f  c u l t u r e d  
em bryonic neurones re la te  to th e  p ro p e rties  of in s itu  a d u lt neurones  
rem ains to be in ves tig a ted . The s tu d y  by D unbar and Pitm an has the  
advantages of w o rk in g  w ith  an id e n tified  neurone and can thus re la te  
experim ental fin d in g s  to macroscopic c u rre n ts  and cell physio logy. 
In  a d d itio n , re s u lts  fro m  th e  same id e n t i f ie d  c e ll in  d i f f e r e n t  
p rep ara tio n s  can be more re a d ily  compared.
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APPENDIX I .  COMPOSITION OF INSECT SALINES. 
S A L IN E . 4M N a C l IM  K C l IM  C aC lz
(m l) (m l) (m l)
Normal 53.5 3.1 9 .0
N a -fre e *1 3 .1 9 .0
C a -fre e 55.5 3.1 *2
18mM Ca 50.1 3.1 18.0
36mM Ca 43.5 3.1 36.0
47mM C l *3 3 .1 9 .0
1. 5mM K 54.0 1.55 9 .0
6.2mM K 52.8 6 .20 9 .0
12.4raM K 51.3 12.4 9 .0
24.8mM K 48.1 24.8 9 .0
*1 N a -fre e  s a lin e  conta ined  248.4  ml o f IM TR IS-HCl.
*2  4 .5  nW Ca s a lin e  was achieved using a  1:1 d i lu t io n  o f normal
s a lin e  and C a -fre e .
*3  47mM C l s a l in e  c o n ta in e d  1 8 8 . 1  ml IM  NaAc and 2 5 . 9  ml IM  
NaCl.
Stock solutions w ere made up to approxim ately  950ml w ith  M ill! Q p u re  
w ater before  TES (N -tr is  [H ydroxy  m ethyl] me th y l-2 -am in o eth an e  sulfonic  
acid) b u ffe r  (2.292g) was added. Th is  s tro n g ly  acid ic solution was 
ad ju s ted  to pH 7.2 b y  add ing  sodium hydroxide  ( IM ) and the  pH 
continuously  m onitored using a tem p eratu re  compensated pH m eter (PHM 
85 Precision pH M eter, Radiom eter Copenhagen). Solutions w ere then  
made up to th e ir  f in a l volume o f 1000ml and the  pH re -c h ec k ed . For  
electrophysio logical re co rd in g s , sucrose (lOOmM) was added to the  
salines in  o rd e r to p re v e n t osmotic swelling of the  cell.
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APPENDIX I I ,
ELECTRONIC AND BLOCK CIRCUIT DIAGRAMS,
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N.B.  The b a th  re fe re n c e  e le c t r o d e  in p u t  to  th e  d i f f e r e n t i a l  
a m p lif ie r  (a s te r is k )  should be p o s itio n e d  in  th e  p re p a ra tio n  chamber 
and no t in  th e  e le c tro d e  chamber as i l lu s t r a t e d  h e re . The Egar 
b rid g e  between p re p a ra tio n  and e le c tro d e  chambers (n o t shown) o ffe rs  
a s e r ie s  re s is ta n c e  between the  v o lta g e  m ic ro e lec tro d e  and the  bath  
e le c tro d e  which may o f f s e t  th e  outpu t o f  th e  d i f f e r e n t i a l  a m p li f ie r .
APPENDIX I I I  DRUGS.
IIIA O rigin o f  drugs.
Apamin
4-am inopyrid ine  
3 ,4 -d iam in o p yrid in e
Cadmium c h lo r id e  
Calcium  c h lo r id e  
Canada balsam  
C i t r i c  a c id  
Creosote
E thanol (96/100%)
Gum acac ia
Hexamrainecobaltic c h lo r id e  
Hydroquinone
Kanamycin
Manganous c h lo r id e  
Methhylene b lu e
Potassium Eu^etate 
Potassium c h lo r id e  
tr i-P o ta s s iu m  c i t r a t e  
Potassium fe r r ic y a n id e
Savalon ( l iq u id )
Sodium c h lo r id e  
Sodium hydroxide  
Sodium th io s u lp h a te  
S ilv e r  n i t r a t e  
Sucrose
TES
Tetraethylammonium bromide
T etro d o to x in
Trizm a Base
Verapam il h yd ro ch lo rid e
Sigma
BDH
Koch-L ight L ab o ra to ries  L td
BDH
BDH
BDH
Sigma
BDH
BDH
BDH
BDH
BDH
Sigma
BDH
Hopkin & W illiam s
BDH
BDH
BDH
BDH
IC I
BDH
BDH
BDH
BDH
Fisons
Sigma
Sigma
Sigma
Sigma
Abbot L ab o ra to ries  L td
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N H 2
4“AP
N H g
N H 2
3,4-DAP
Apamin
C 2 H 5© I
C2H5 —  N —  C2H5
C 2 H 5
TEA-
C N  C H 3  ,0CH2
C — (C H2]3 N — Cc HaDa '— ^  OCH3
CH 
c1h3 CH3
Verapamil
APPENDIX IV
PROTOCOL FOR PROCESSING PHOTOGRAPHIC F ILM  AND PAPER.
A. KODALITH ORTHO FILM  TYPE 3.
PQ U n iversa l ( I lfo rd ) 1+9 v aria b le
Stop bath  (KODAK) 1+36 lOsecs.
Hypam F ixative  (ILFORD)! 1+9 5mins.
Perform ed a t 20“C u n d er re d  safe ligh t,
B. MULTIGRADE PAPER ( I I ) .
M u ltig rad e  developer ( I lfo rd ) 1+9 Im in .
Stop bath  1+36 lOsecs.
Hypam Fixative  1+9 5mins.
Perform ed a t 20"C u n d er am ber safe ligh t.
C. RECORDAKAHU MICROFILM 5460.
D76 (KODAK) 1+2 12mins.
Wash in  ru n n in g  w ater 2mins.
Hypam F ixative  1+9 variab le .
Perform ed a t 20*C in  a develop ing tan k .
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APPENDIX V.
INTENSIFICATim PROCEDURE.
1. 1% Potassium fe r r ic y a n id e  in  1.25% 
sodium th io s u lp h a te .
2 . Wash in  1.25% sodium th io s u lp h a te  
in  50% e th a n o l.
3. 50% eth an o l
4 . 1.25% gum acac ia  in  30% e thano l
5. 2.50% gum acac ia  in  30% eth an o l
6. 5.00% gum acac ia  in  30% ethano l
7. 1.6% c i t r i c  a c id  d is so lv ed  in  2% 
hydroquinone in  s o lu tio n  6 .
8 . 0.1% s i lv e r  n i t r a t e  in  s o lu tio n  7.
9. 1.6% c i t r i c  a c id  in  s o lu tio n  6 .
10. 1.6% c i t r i c  a c id  in  s o lu tio n  6 .
11. 2.5% gum acac ia  in  30% e th a n o l.
12. 30% e th a n o l.
13. 50% e th a n o l.
14. 70% e th a n o l.
15. 90% e th a n o l.
16. 95% e th a n o l.
17. 100% e th a n o l.
18. 100% e th a n o l.
19. C le a r  in  h is to lo g ic a l c reo so te .
20. Wholemount the  p re p a ra tio n  on a  
c a v ity  s lid e  using canada balsam.
*1 Where RT denotes room tem perature.
Time Temperature  
(m in s .) (*C)
RT *1
10
10
15
15
15
60
30-60
10
10
15
15
15
v a r ia b le
15
15
10
15
v a r ia b le
RT
RT
RT
RT
RT
RT
RT/DARK
4
4
45
45
RT
RT/4
RT
RT
RT
RT
RT/4
1 8 1
